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ABSTRACT 
Microscale Observables for Heat and Mass Transport 
 in Sub-Micron Scale Evaporating Thin Film. 
(May 2004) 
Sang-Kwon Wee, B.S., Pusan National University, Korea; 
M.S., Korea Advanced Institute of Science and Technology, Korea 
Chair of Advisory Committee: Dr. Kenneth D. Kihm 
A mathematical model is developed to describe the micro/nano-scale fluid flow 
and heat/mass transfer phenomena in an evaporating extended meniscus, focusing on the 
transition film region under nonisothermal interfacial conditions. The model 
incorporates thermocapillary stresses at the liquid-vapor interface, a slip boundary 
condition on the solid wall, polarity contributions to the working fluid field, and binary 
mixture evaporation. The analytical results show that the adsorbed film thickness and the 
thin film length decrease with increasing superheat by the thermocapillary stresses, 
which influences detrimentally the evaporation process by degrading the wettability of 
the evaporating liquid film. In contrast, the slip effect and the binary mixture enhance 
the stability of thin film evaporation. The slip effect at the wall makes the liquid in the 
transition region flow with smaller flow resistance and thus the length of the transition 
region increases. In addition, the total evaporative heat flow rate increases due to the slip 
boundary condition. The mixture of pentane and decane increases the length of the thin 
film by counteracting the thermocapillary stress, which enhances the stability of the thin 
film evaporation. The polarity effect of water significantly elongates the thin film length 
 iv
due to the strong adhesion force of intermolecular interaction. The strong interaction 
force restrains the liquid from evaporation for a polar liquid compared to a non-polar 
liquid. 
In the experimental part, laser induced fluorescence (LIF) thermometry has been 
used to measure the microscale temperature field of a heated capillary tube with a 1 mm 
by 1 mm square cross section. For the temperature measurement, the calibration curve 
between the temperature and the fluorescent intensity ratio of Rhodamine-B and 
Rhodamine-110 has been successfully obtained. The fluorescent intensity ratio provides  
microscale spatial resolution and good temperature dependency without any possible 
bias error caused by illuminating light and background noise usually encountered in 
conventional LIF techniques. For the validation of the calibration curve obtained, 
thermally stratified fields established inside a glass cuvette of 10 mm width were 
measured. The measurement result showed a good agreement with the linear prediction. 
The temperature measurement in a 1 mm capillary tube could provide the feasible 
method of temperature measurement for the thin film region in the future. 
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CHAPTER I 
INTRODUCTION 
 
1.1 Problem Statement 
 Recently an advanced technology of micro-fabrication has made extraordinary 
miniaturization of microelectronic devices, which has introduced high heat dissipation 
per unit area. The conventional cooling techniques by natural or forced convection of 
single-phase are not enough to satisfy such a requirement of high heat flux dissipation, 
which has resulted in an increasing interest in change-of-phase heat transport. Phase-
change process has been recognized as an efficient cooling mechanism over the past 
several decades. It has been reported to dissipate relatively large heat during the liquid-
vapor phase change process compared to the conventional natural and forced convective 
heat transport process associated with single-phase flow. It has been examined that the 
cooling devices using single-phase have typically disadvantages such as large pressure 
drops and streamwise temperature non-uniformity along the liquid channel. On the other 
hand, phase-change heat transport process using latent heat of vaporization can achieve 
very high heat fluxes for constant flow rates under a small temperature differential and 
thus allows maintaining nearly uniform temperature (Ma et al., 1998; Tso and Mahulikar, 
2000; Peles and Haber, 2000). Liquid-vapor phase change process is a major mechanism 
in a variety of phase-change heat transport devices such as heat pipe, capillary pumped 
This dissertation follows the style of International Journal of Heat and Fluid Flow. 
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loop, looped heat pipe, grooved evaporator and condensers, and micro channel 
evaporator. Recently such phase-change heat transport devices have received much 
attention for the use of modern thermal management equipments. It has been 
demonstrated experimentally or theoretically that the effective thermal conductivity in 
phase-change heat transport devices can be several orders of magnitude greater than that 
of copper due to the benefit of latent heat during liquid-vapor phase-change process. In 
addition, such a phenomenon is a prime mechanism in nucleate boiling heat transfer 
where the thin film evaporation plays a primary role to make vapor bubble growing up 
within liquid pool with heating (Stephan and Hammer, 1994; Reyes and Wayner, 1997; 
Kern and Stephan, 2003a; Kern and Stephan, 2003b). 
 In the past several decades a variety of theoretical models have been developed 
for heat and mass transport associated with the liquid-vapor phase-change heat transport 
phenomena. Fundamentally, most of the researches have been based on a thin film 
evaporation concept of Wayner and co-workers (Potash and Wayner, 1972; Wayner et 
al., 1976). They investigated the evaporation of a liquid meniscus in a tiny area where 
the liquid-vapor interface approaches a wall. In spite of the small geometrical 
dimensions, a considerable amount of the supplied heat at the evaporator wall flows 
through the so-called thin film or transition film region. It has been found that in this 
region, microscale effects such as adhesion forces and interfacial thermal resistance in 
combination with a strong curvature change of the phase interface significantly influence 
local heat and mass transfer (Kern and Stephan, 2003a). 
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 Although numerous extensive experimental or theoretical works on the thin film 
evaporation have been conducted, the fundamental understandings have not been 
achieved yet. Therefore, more advanced experimental techniques and analytical models 
capable of considering more realistic physical situation have been required for better 
understanding of the microscale heat and mass transport phenomena. 
  
1.2 Engineering Applications of Phase Change Heat Transport 
Capillary driven phase-change heat transport devices have several advantages 
over conventional single-phase systems. They are passively operated by means of 
capillary forces, so they need not any external power supply, which allows the cooling 
devices to be manufactured in compact size and light weight that are definitely required 
in modern microelectronic devices. In addition, they contain no mechanically moving 
parts and thus are free of vibration and noise, which increase the reliability of the system. 
Capillary phase-change heat transport devices have a number of commercial and military 
applications in terrestrial and space thermal management systems such as cooling 
systems for electronic components, avionics, satellites, notebook computer, refrigerator, 
air-conditioning, thermal protection of hypersonic and reentry vehicles, and heating 
systems for aircraft anti-icing, deicing of engine cowl, and road and bridge deicing. 
Heat pipe and capillary pumped loop (CPL) are representatives using the 
capillary driven phase-change heat and mass transport process for a variety of cooling 
applications. The schematics of conventional heat pipe and CPL are illustrated in Figs. 
1.1 and 1.2. The structures and the fundamental operating principles are very similar. 
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Fig. 1.1. Schematic of conventional heat pipe. 
 
 5
 
 
 
 
 
 
 
 
Fig. 1.2. Schematic of capillary pumped loop. 
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They are comprised of four major parts: evaporation section, condensation section, vapor 
line and liquid line. Heat pipes are passively pumped by means of capillary forces. The 
capillary forces are developed in a porous wick structure located within the evaporation 
section. When the evaporator is heated by external heat source, the working fluid 
evaporates in the porous wick structure. The evaporated vapor travels to condenser 
section by pressure gradient. At the condenser section, heat is removed to heat sink and 
then the vapor recondenses into liquid. The liquid returns back to the evaporator section 
by capillary action in the porous wick structure. This continuous cycle of vaporization 
and condensation transfers large amount of heat effectively. The capillarity of 
transporting large amounts of thermal energy between two terminals with a small 
temperature differential is equivalent to having an extra high thermal conductivity 
according to Fourier’s law. In addition to its superior heat transfer characteristic, the heat 
pipe is structurally simple, relatively inexpensive, insensitive to the gravitational field 
and silent and reliable in its operations (Tien, 1975; Dunn and Reay, 1994; Faghri, 1995). 
The porous wick structure can be idealized by a bundle of microscopic capillary pores as 
schematically illustrated in Fig. 1.3. Each capillary pore can be modeled as a micro 
channel with heat flow from the wall. The present research concentrates on an 
evaporating extended meniscus within such heated capillary pore since it has been found 
experimentally or analytically that maximum evaporative heat and mass transport take 
place in the thin film region of the evaporating extended meniscus.  
CPLs have also the same operating principles as conventional heat pipes. In 
contrast to the conventional heat pipes, CPLs have unique feature that is the wick 
 7
 
 
 
 
 
 
 
Fig. 1.3. Idealized porous wick structure with a bundle of microscopic capillary 
pores and an idealized capillary pore with heating. 
Vapor 
Interface 
Liquid 
Heat
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structure isolated from the evaporator section. This allows CPLs to transfer relatively 
large heat over long distance since smooth wall tubing can be employed in the 
construction of the vapor and liquid transport lines as well as in the condenser zone, 
which avoids the significant liquid flow losses in the wick materials experienced in a 
conventional heat pipe. Thus, this results in a higher heat transport capability than that of 
conventional heat pipes. Extensive experiments have demonstrated that CPLs have 
enough potential to be used in advanced space-based thermal control system (Ku, 1993).  
 Recently micro heat pipes have received much attention for their promise to 
dissipate high-power densities since Cotter (1984) first proposed them. He defined a 
micro heat pipe as a wickless heat pipe in which the radius of curvature of the liquid-
vapor interface is comparable in magnitude to the hydraulic radius of the flow channel. 
Their promise comes from the effective heat transport associated with phase change and 
their small geometry. Laplace-Young equation states that small hydrodynamic diameter 
associated with the geometry of micro heat pipe gives rise to high capillary force to 
pump liquid flow efficiently. For this reason, recently micro heat pipes have received 
much attention for cooling schemes of integrated circuits. The performance of micro 
heat pipes are extensively studied by Ma et al. (1994), Peterson and Ma (1999). An 
overview of the micro heat pipe has been done by Peterson (1992). 
 In nucleate boiling processes, the fluid flow and heat transfer associated with 
bubble growth also have been described by an evaporating liquid film as illustrated in 
Fig. 1.4 (Stephan and Hammer, 1994; Mitrovic, 1998; Son et al., 2002; Kern and 
Stephan, 2003a). A liquid film is assumed to exist between the vapor in the bubble and 
 9
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.4. Nucleate boiling heat transport: single bubble model. 
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the heated wall. In the models, the heated surface is connected to the vapor by a thin 
liquid film. The inner region of the film is considered as non-evaporating adsorbed film 
region due to a strong adhesion force, while the outer region of the film is the 
evaporating film. The evaporating liquid is re-supplied from the bulk meniscus region by 
liquid flow, which is driven by the combined action of capillary and disjoining pressures 
that are developed during an evaporation process in thin film region forming within 
typical porous wick structures. 
 
1.3 Literature Review 
 In this section past major researches on the evaporating extended meniscus and 
laser induced fluorescence (LIF) thermometry are reviewed. 
 
1.3.1 Evaporating Extended Meniscus 
 The foundation of thermodynamics and fluid flow for an evaporating thin film 
was established by Derjaguin and coworkers (Derjaguin and Zorin, 1957; Derjaguin et 
al., 1965). They introduced the concept of disjoining pressure to consider an 
intermolecular interaction force, so called van der Waals force, between liquid and solid 
molecules in the analysis of thin film evaporation.  
Potash and Wayner (1972) used first the concept of a disjoining pressure to 
describe evaporation from a steady state, two-dimensional, extended meniscus on a 
heated vertical flat plate immersed in a liquid. They identified two important regions: a 
microscopic adsorbed film, in which the superheated liquid is restrained from 
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evaporation by strong intermolecular forces, and a curvature-controlled bulk meniscus, 
in which the liquid flow is dominated by capillary force. Different models were 
employed for describing transport processes in these two regions, which demonstrated 
discontinuities in the solutions, but that showed the essential features of evaporating 
menisci. They concluded that the pressure gradient and evaporative mass flux reached a 
maximum in an evaporating thin film region of the extended meniscus.  
Wayner et al. (1976) examined evaporation from a stable extended meniscus 
formed on an inclined flat plate for non-polar liquids. Their analysis was based on the 
assumption that liquid flow into the evaporating extended meniscus resulted from a 
change in the meniscus profile creating the required disjoining pressure gradient. They 
modeled the fluid mechanics using boundary-layer type approximation in the thin film 
region with the characteristics of thin film having small interfacial slope and low 
Reynolds numbers. They also demonstrated that the heat transfer coefficient increased 
rapidly from zero at the adsorbed film to a constant value at the end of transition region 
over a very short distance.  
Renk and Wayner (1979a, 1979b) conducted experimental and analytical works 
to examine an evaporating extended meniscus of ethanol. In their experiment, they 
measured the meniscus profile using interferometry technique and found that the 
meniscus shape was dependent on the applied heat flux. In their analysis, they found that 
the liquid flow resulting from change in the meniscus shape supplied liquid to the 
evaporation region and noted that the local evaporative heat transfer increased in the 
transition region. 
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Holm and Goplen (1979) developed an analytical model to describe heat and 
mass transfer in trapezoidal capillary grooves. They noted that about eighty percent of 
the total heat dissipation occurred in the transition film region. By combining the 
analytical model of Potash and Wayner (1972) and the experimental results of Derjaguin 
and Zorin (1957), they uniquely developed an analytical model for disjoining pressure of 
water.  
Moosman and Homsy (1980) developed a second order differential equation for 
the liquid-vapor interfacial shape from a normal stress balance equation including 
disjoining pressure. The differential equation was solved by perturbation analysis. They 
determined the meniscus profile and the evaporative heat flux in a horizontal extended 
meniscus. Their analysis showed that the maximum heat flux and evaporative mass flux 
occurred in the transition region where the thermal resistance was small.  
Cook et al. (1981) determined experimentally that a change in the thin film 
thickness profile of decane on a silicon substrate influenced the characteristics of fluid 
flow and heat transfer within an evaporating liquid thin film. They used a scanning 
microphotometer to determine the thickness profile by measuring the relative location of 
interference fringes formed in the film by the reflection of light. Since various 
mechanisms causing fluid flow are a function of the film profile, it is able to be used to 
evaluate their effects on evaporative heat transfer. 
A series of studies (Tung et al., 1982; Tung and Wayner, 1984; Wayner et al., 
1985) also used the scanning microphotometer to determine the heat transfer 
characteristics of a thin steady state evaporating liquid film forming on an inclined 
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silicon substrate which was partially submerged in a pool of liquid. The substrate was 
heated to cause liquid to evaporate from the liquid meniscus, resulting in liquid flow 
from the pool to the meniscus. They demonstrated that the optical techniques were very 
useful to determine the film profiles of hexane and decane forming on silicon surface. 
Mirzamoghadam and Catton (1988) developed an analytical model of an 
evaporating meniscus developing on an inclined heated copper plate submerged in a 
non-polar liquid pool at various angles. They showed that the heat and mass transport 
and performance were dependent on angle of inclination of the plate and an angle of 
twenty to thirty degrees yielded an increase in the heat transfer coefficient by a factor of 
seven compared to a horizontal case. 
 Stephan and Busse (1992) uniquely calculated the heat and mass transport 
phenomena in the thin film region and then combined the solution with the macroscopic 
meniscus within a heat pipe with open grooves. They found that the heat transfer in 
micro region could have a significant influence on the overall macroscopic heat transfer. 
They showed that the maximum evaporation rate occurred in the transition region and 
that nearly 75 % of the heat dissipation occurred in this region despite its small 
geometrical dimensions. 
Schonberg and Wayner (1992) provide an analytical solution for integral contact 
line evaporative heat sink including film conductivity effects. In the model, capillary and 
Marangoni effects were ignored. They identified that the Hamaker constant, thermal 
conductivity, latent heat and superheat enhanced the maximum integral heat sink which 
 14
was the heat adsorbed by the entire meniscus and viscosity had a detrimental effect to 
make large pressure drops which hinder evaporation. 
 Swanson and Herdt (1992) investigated the fluid flow and heat transfer in a 
three-dimensional capillary pore geometry by incorporating Marangoni convection, 
London-van der Waals dispersion forces, and nonisothermal interface conditions. They 
assumed a Hagen-Poiseuille flow field for the liquid in the meniscus and thin film 
regions and obtained the change in the meniscus shape with varying dispersion number. 
They showed that the local evaporative mass flux increased dramatically as the 
dispersion number increased.  
Chebaro et al. (1992) and Chebaro and Hallinan (1993) provided the extension of 
the theoretical treatment developed by Wayner and Schonberg (1990) to a pore geometry. 
They analyzed the thin liquid film of an evaporating interface within a micropore under 
isothermal conditions, which was a simplified assumption of an interface temperature 
equal to the saturation temperature: however, the assumption of isothermal interfacial 
conditions was unrealistic since this assumption caused the evaporation rate to peak in 
the meniscus region instead of the thin film region. Such an abnormality was improved 
by considering more realistic nonisothermcal condition (Hallinan et al., 1994). They 
yielded a non-dimensional equation for the thin film interfacial shape by combining the 
mass conservation along the thin film and the augmented Laplace-Young equation. The 
resulting fourth order nonlinear ordinary differential equation was solved by a shooting 
method. They uniquely provided the four boundary conditions needed to solve the 
equation.  
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DasGupta et al. (1993a, 1993b) measured the evaporating thin film profiles as a 
function of the evaporation rate using ellipsometry and image processing interferometry. 
They also developed a numerical model to evaluate the experimental data using 
numerical solutions of equilibrium and non-equilibrium models based on the augmented 
Young-Laplace equation. They obtained Hamaker constant from the experimental data 
and noted that it was not a function of the evaporation rate. It was also noted that the 
fluid flow in the thin film resulted from the disjoining pressure gradient.  
 Hallinan et al. (1994) developed a model to describe the evaporating thin film 
within micropores of porous wick structure of a heat pipe under nonisothermal condition 
and thus accounted for thermocapillary stresses at the interface condition. They extended 
the study of Chebaro and Hallinan (1993) to consider a more realistic nonisothermal 
evaporating extended meniscus. They justified the effect of circumferential curvature 
term on the flow of the liquid in the extended meniscus could be negligible, which made 
the mathematical formulation for the interfacial shape more simplified. They also found 
that maximum evaporative fluxes were present in the extended meniscus with constant 
wall temperature.  In the scaling analysis, they demonstrated that the thermocapillary 
stresses become more important as superheat, pore size and slope of surface tension 
verse temperature increase and diminish for higher cohesion and adhesion forces. They 
also demonstrated that vapor recoil stresses become more significant as surface tension 
effects are diminishing with increasing pore size. 
 He and Hallinan (1994) developed a mathematical model for the investigation of 
the effect of thermocapillary stress on the thin film evaporation. The mathematical 
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formulation was based on the puterbation theory of Burelbach et al. (1988). They found 
that the thermocapillary stresses significantly affects the flow field and heat transfer 
within the extended meniscus even when the extended meniscus heat transport is very 
small. Using scaling arguments, they defined a critical Marangoni number to estimate 
the liquid flow choked in the film as a result of the thermocapillary effect. It was noted 
that small sized pore was more effective to overcome the impact of thermocapillary 
stresses on the replenishment of the liquid flow. Such a trend was also found in the 
experiment of Pratt et al. (1998). 
 Park et al. (2003) developed a mathematical model to describe the transport 
phenomena for a thin film region of a micro channel with a non-polar liquid under 
isothermal conditions. They showed that the gradient in the vapor pressure had a 
significant influence on the thin film profile. They found that the length and the 
maximum thickness of the thin film decreased exponentially as the heat flux increased. 
 
1.3.2 Laser Induced Fluorescence Thermometry 
 Coppeta and Rogers (1998) tried to measure dual emission laser induced 
fluorescence for some scalar behavior such as pH and temperature distribution. In their 
experiment, numerous combinations of fluorescent dyes were used for ratio technique to 
determine their compatibility in the measurement technique. Especially, they discussed 
three main spectral conflicts usually encountered in ratiometric technique using 
fluorescence, where the conflicts are associated with the overlaps between absorption 
and emission bands.  
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 Coolen et al. (1999) measured the temperature field of a natural convection flow 
using laser induced fluorescence with only one fluorescence dye sensitive to temperature. 
They proposed a normalization of calibration function every experiment using two 
reference intensity fields at different temperatures to correct measurement errors 
resulting from the intensity variation between different experiments. They demonstrated 
that photobleaching and shadowgraph effects could lead to errors of temperature 
measurement usually encountered in laser induced fluorescence technique.  
 Sakakibara and Adrian (1999) described a two-color laser induced fluorescence 
technique to measure the instantaneous three-dimensional temperature field in water. In 
the experiment, Rhodamine-B was used for temperature sensitive dye and Rhodamine-
110 was for non-temperature sensitive dye. They successfully measured the three 
dimensional temperature field of thermal convection from a horizontal surface with 
uniform heating.  
 Hidrovo and Hart (2002) used a two-dye laser induced fluorescence ratiometric 
scheme to get a two-dimensional thickness and temperature mapping of fluids. They 
developed a liquid film thickness measurement using emission reabsorption in an 
optically thick system, which has been considered to be detrimental to the measurement 
of most scalars such as temperature and pH. They also made use of such a ratiometric 
technique at the temperature mapping in an optically thin system.  
 Recently, Kim et al. (2003) used ratiometric laser induced fluorescence to 
examine its capability for microscale full-field temperature mapping. They measured the 
temperature field resulting from thermal buoyancy inside a cuvette with 1 mm width. 
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They showed that the measured temperature fields were consistent with numerically 
predicted results with spatial measurement resolution of 0.92˚C for 76 µm resolution. 
 Lee (2003) measured a temperature field of natural convection within rectangular 
cuvette using ratiometric LIF thermometry. He discussed extensively the difficulties 
encountered in the measurement of heated meniscus region in a capillary pore due to 
reabsorption resulting from total internal reflections of laser light at the liquid-vapor 
interface. 
 
1.4 Summary of Research Objectives 
1.4.1 Numerical Analysis 
According to most of the previous researches on the evaporating thin film, 
several typical features have been found in the thin film evaporation process. It was 
concluded that the maximum evaporative heat and mass transport occurs in the transition 
film region where the intermolecular force and capillary pressure are equally important 
to the evaporation phenomena and the thermocapillary stress also have a significant 
effect on the thin film evaporation. Therefore, it is essential to understand microscopic 
fluid flow and heat/mass transport phenomena taking place in the evaporating extended 
meniscus to design the efficient capillary phase-change heat transport devices and 
improve their performance. 
In the numerical part, a mathematical modeling is developed for the extensive 
understanding of microscale heat and mass transport phenomena occurring in an 
evaporating extended meniscus, especially concentrating on thin film region. The 
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dimension of evaporating phenomena is so small that it is nearly impossible to study the 
evaporation process in experimental methods. Therefore, theoretical and analytical 
researches in the thin film evaporation have been concentrated, however, the complete 
understanding has not been achieved yet. In this work, extensive numerical 
investigations are uniquely performed by considering several specific effects such as 
thermocapillary effects, slip boundary condition at wall, polarity effect of working fluid 
and binary mixture evaporation, all of which have been considered to play important 
roles in the thin film evaporation. The successful analytical solutions can provide a 
better understanding of the fluid flow and heat and mass transport within the evaporating 
thin film formed in the phase-change heat transport devices. 
 
1.4.2 Experimental Investigation 
 The extremely small spatial dimension of the transition film region to be 
investigated gives rise to several problems for measurements. For example, even the 
smallest available thermocouples are still one or two orders of magnitude bigger than the 
dimension of the transition film region. As a result, other promising alternative to the 
conventional measurement technique is necessary such as the various optical diagnostic 
techniques using laser optics recently have extensively received attentions due to the 
their characteristics of non-intrusive and high resolution. 
In experimental part, recently developed a ratiometric laser induced fluorescence 
thermometry is introduced, which is expected to be a potential measurement technique 
for temperature fields in microscale geometry. The potential and applicability of the 
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ratiometric laser induced fluorescence thermometry to the thin film region will be 
discussed by measuring the temperature fields established inside a heated glass channel 
of 1 mm by 1 mm square cross section. 
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CHAPTER II 
BACKGROUND 
 
2.1 Evaporating Extended Meniscus 
In capillary tube, there exists a curved shaped liquid-vapor interface, which is 
usually called meniscus. Normal stress balance across the meniscus is described by 
Laplace-Young equation, which states that the interfacial pressure differential balances 
with capillary force. The capillary force is a pumping head for a liquid column going up 
against gravity within capillary tube. This conventional Laplace-Young equation 
describes the normal force balance applicable only in macroscale. In molecular level an 
additional force existing between liquid and solid molecules should be considered in the 
force balance which is called disjoining pressure proposed by Russian scientist 
Derjaguin. The disjoining pressure describes the molecular adhesion of liquid molecular 
interacting with solid molecules of the wall, which makes the liquid film spread out 
along solid wall. This phenomenon is defined as spreading. In ideal, if the liquid is pure 
and the solid wall is perfectly clean, the meniscus will extend infinitely. Thus, spreading 
phenomena occur as a result of the disjoining pressure, and such spreading liquid film is 
called extended meniscus. In the case of heat applied from the wall, such curved shaped 
spreading system is defined as evaporating extended meniscus. While a number of 
extensive studies on fluid flow and heat transport of the evaporating extended meniscus 
have been performed experimentally or analytically, a complete understanding has not 
been achieved yet.  
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In change-of-phase heat transport devices, capillary forces drive overall 
circulation of working fluid from an evaporator section to a condenser section, whereas 
the thin film flows at the evaporating meniscus are driven by capillarity and disjoining 
pressure gradient. Figure 2.1 shows an evaporating extended meniscus developed on the 
wall within a capillary pore. The extended meniscus is composed of three distinct 
regions (Potash and Wayner, 1972): the adsorbed film, the thin film, and the bulk 
meniscus. The distinction between the three regions is based on the relative importance 
of the forces associated with the interactions of liquid-vapor and solid-liquid. The 
adsorbed film region, nearly constant in thickness, cannot be modeled by continuum 
theories and is dominated by extremely strong short-range intermolecular forces between 
the liquid molecules and the solid substrate as described by Israelachvili (1992) which 
restrain superheated liquid molecules from evaporation in that region, so it is called as 
non-evaporation region. While the adsorbed film region is governed by the disjoining 
pressure due to intermolecular interactions, the bulk meniscus region is dominated by 
capillary forces in which the evaporative flux is less due to the resistance to thermal 
conduction in the liquid film as the film thickness increases as shown in Fig. 2.1. The 
thin film region, which is called a transition region, exists between the bulk meniscus 
and the adsorbed film region. The effect of capillarity and disjoining pressure are equally 
important in this region for fluid flow and heat transfer. According to previous works, it 
has been identified that the maximum evaporative heat and mass transport take place in 
the thin film region (Potash and Wayner, 1972; Moosman and Homsy, 1980; Stephan 
and Busse, 1992; Hallinan et al., 1994). Therefore, it is very importance to better 
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Fig. 2.1. Idealized model of extended meniscus within a capillary pore: adsorbed 
film, thin film (transition film), bulk meniscus region.  
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understand the heat and mass transport phenomena taking place within phase-change 
transport devices to make sure the stable operation and to enhance the performance. 
 
2.2 Physics of Interfacial Phenomena 
2.2.1 Surface Tension 
The apparent interfacial tension or surface tension is equivalent to an energy 
stored in the interface region per unit area. The magnitude of the surface tension for a 
substance is directly linked to the strength of intermolecular forces in the material. Non-
polar liquids typically have the lowest surface tension. Water and other polar molecules 
have somewhat higher surface tension, and liquid metals such as mercury, which exhibit 
metallic bond attraction, have very high surface tension. The surface tension for any pure 
liquid varies with temperature. It decreases almost linearly with increasing temperature, 
vanishing altogether at the critical point where the distinction between phases disappears 
(Carey, 1992).  
Surface tension is a major effect producing capillary pumping force in capillary 
driven phase-change device. Liquid pressure gradients, leading liquid flow in 
evaporation region, are composed of disjoining pressure gradients and capillary pressure 
gradients. This capillary pressure is created by the action of surface tension of the liquid 
and curvature effect of meniscus shape. When heat is applied to the liquid through 
heated substrate, the gradient in the surface tension along the liquid-vapor interface 
introduces thermocapillary stress, which critically influences the stability of evaporation 
process. The thermocapillary stresses will be explained in subsequent section. 
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2.2.2 Wettability 
Wetting behavior of a liquid on a solid surface is of critical importance in 
industrial processes such as thin film lubrication, coating of solids, and thin film 
evaporation associated with phase-change heat transport. In the engineering application 
of heat and mass transport phenomena, the proper utilization of surface wettability can 
improve the heat transport effectiveness by yielding a flow field that will enhance heat 
transfer. The understanding of wetting phenomena is crucial for optimum design of an 
advanced heat exchanger which will provide the highest heat transfer rate at the lowest 
overall cost (Mirzamoghadam and Catton, 1988). 
The way, however, in which the liquid and vapor contact the solid walls through 
which the energy is transferred, will strongly affect the resulting heat and mass transfer 
in the system. Consequently, the performance of heat transport equipment in which 
vaporization or condensation occurs may strongly depend on the way the two phases 
contact the solid walls. It can be observed that the behavior of liquid in contact with 
solids may vary from one surface to another and with the type of liquid (Carey, 1992). 
The degree of the affinity of liquids for solids is referred to as the wettability of 
the liquid, which is quantified by the contact angle. Young equation described a 
macroscopic wettability from balance of related forces on a contact line. In contact line 
region, the force balance at point 0 produces the relationship of interfacial tensions of 
three phases at equilibrium as shown in Fig. 2.2, 
clvslsv θσσσ cos+=      (2.1) 
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Fig. 2.2. Balance of interfacial tensions on a contact line. 
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where θ is contact angle which represents a macroscopic wetting characteristics. When a 
liquid is in contact with a solid surface, one of three conditions is possible at 
equilibrium: complete wetting ( 0=cθ ), partial wetting ( oc 900 <<θ ), or nonwetting 
( oc 90>θ ). In Eq. (2.1), svσ , slσ  and lvσ  are interfacial tensions between solid-vapor, 
solid-liquid and liquid-vapor, respectively. The interfacial tension between liquid-vapor 
is generally called as surface tension that decreases with increasing temperature. As cθ  
decreases, the liquid spreads more over the solid surface. Equation (2.1) can be 
rearranged to the form, 
lv
slsv
c σ
σσθ −=cos      (2.2) 
Under heating condition, Eq. (2.2) is modified by considering thermocapillary stresses 
resulting from imbalance of surface tension along interface (Pratt and Hallinan, 1995), 
TClv
slsv
c σσ
σσθ +
−=cos      (2.3) 
where TCσ  represents the thermocapillary stresses which result from the gradient of 
interfacial temperature. Equation (2.3) shows that liquid having lower surface tension 
gives a smaller contact angle which in turn elongates the liquid film longer on the solid 
wall. In addition, it also indicates that lower thermocapillary stress makes the liquid film 
extended. Therefore, to enhance the wettability of the liquid film it is necessary to 
employ the liquid having lower surface tension and lower thermocapillary stress. Even 
though Young’s equation is applicable only to contact line region where three phases 
meet, it provides us the intuition of wettability of the liquid film forming on solid wall. 
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Young’s equation provides a basic idea of how to enhance the wettability in the liquid-
vapor phase-change transport in order to improve the effectiveness of heat and mass 
transfer process.  
Another parameter indicating the wetting characteristics is wicking height which 
is defined as the liquid column height within a capillary tube. The wicking height is most 
easily measurable macroscopic wetting characteristic of a liquid in a capillary tube. Ma 
et al. (1998) conducted a theoretical work to better understand the wetting characteristics 
of evaporating liquid in a heated capillary tube. By comparing the numerically obtained 
wicking height with experimental results, they identified that the wettability of a liquid 
was influenced by the combined effects of thermocapillary stresses, capillary forces, 
dynamic flow effect and disjoining pressure. Pratt and Hallinan (1997) experimentally 
showed that the relationship between the liquid-vapor interfacial temperature gradient 
and the wetting characteristics of a liquid within capillary pores. They demonstrated that 
thermocapillary stresses in the transition film region of the evaporating extended 
meniscus degrade the wettability of the liquid by reducing the wicking height. As a 
result, the degradation of wetting leads to a reduction of heat and mass transport in the 
devices. Pratt and Kihm (2003) experimentally demonstrated that the thermocapillary 
stresses could be counteracted by concentration gradients associated with distillation 
process in binary mixture evaporation. 
In practice, the phase-change heat transport encountered the capillary heat 
transport limitation rarely. Of the possible reasons of this unexpected motion of the 
devices, it has been remarkable that design predictions over-predict the wetting 
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characteristics since they are based on a maximum capillary potential which presumes 
that the liquid within the porous structure is perfectly wetting and static conditions exist 
at the evaporating meniscus. Thus, it is important to identify the detrimental effects 
which degrade the wetting ability of the working fluid in capillary driven heat transport 
equipments (Pratt and Kihm, 2003).  
 
2.2.3 Disjoining Pressure 
The notion of disjoining pressure was first formulated in 1936 based on  
experiments with thin aqueous interlayers formed between two flat mica surfaces 
(Churaev, 2003). After then the concept of disjoining pressure was established by 
Derjaguin et al. (1965) to account for the intermolecular interaction force in thin liquid 
film, where the conventional hydrodynamics is not applicable to explain the molecular 
interaction force. Over the past several decades, the concept of disjoining pressure has 
been incorporated into various analytical models for the fluid flow and the heat transfer 
in the evaporating extended meniscus to describe the effect of molecular interaction 
between liquid molecules and solid molecules at wall. A historical review of disjoining 
pressure of Derjaguin and his co-workers has done by Churaev (2003). In practice, the 
disjoining pressure for non-polar liquids is expressed as a simple polynomial function of 
thin film thickness and dispersion constant. On the other hand, for polar liquids the 
disjoining pressure is presented in the form of a logarithmic function of thin film 
thickness and thermal properties. Due to the complexity of the disjoining pressure of 
polar liquids, non-polar liquids have been used in various extensive models to examine 
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the effect of the disjoining pressure on heat and mass transport of phase-change 
evaporation phenomena. 
DasGupta et al. (1993b) experimentally obtained the value of the disjoining 
pressure and Hamaker constant using optically measured extended meniscus profiles. 
Using the experimentally obtained parameters, the thickness of adsorbed film was 
obtained for varying superheat conditions. The liquid film was influenced by long-range 
intermolecular forces, in particular van der Waals forces. According to their previous 
analytical models, it was noted that these forces might locally degrade evaporation, but 
might become a major driving force for liquid flow into the thin film region from a bulk 
pool.  
 
2.2.4 Vapor Recoil 
 Since mass is conserved at the liquid-vapor interface during the evaporation 
process, the slowly moving liquid particles are accelerated dramatically upon 
evaporation due to the significant difference in densities between the liquid and the 
vapor. As a result of the vapor velocity being much larger than the liquid velocity, an 
additional normal force is introduced in the form of the evaporative mass flux times the 
vapor velocity. This normal force can be considered to be as an additional pressure 
acting down on the liquid-vapor interface. Such normal force exerted on the liquid-vapor 
interface by these escaping liquid particles is called vapor recoil (Burelbach et al., 1988; 
Anderson and Davis, 1995). The vapor recoil stresses are maximal in the thin film region 
since the local evaporation rate becomes to peak there as stated previously. Scaling 
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analysis of Hallinan et al. (1994) showed that the contribution of vapor recoil stresses to 
the normal stress balance is negligible relative to the disjoining and capillary pressures 
when surface tension decreases with increasing capillary pore size. For the simplicity in 
the mathematical formulation, the effect is not included in this study. 
 
2.3 Thermocapillary Effects 
The dynamic behavior resulting from evaporation in the liquid film have a 
significant effect on the wettibility of working fluid in porous wick structure of capillary 
phase-change devices. Fluid flow and heat transfer of evaporating liquid film give rise to 
the temperature gradient on liquid-vapor interface which is associated with non-
isothermal interface as a result of non-unifom temperature along solid wall and non-
uniform evaporation of the liquid film. As the film thickness increases, temperature at 
the liquid-vapor interface decreases since thermal resistance increases with increasing 
distance from solid wall. Generally, surface tension and temperature are inversely related. 
Thus, such imbalance of temperature on the liquid-vapor interfce induces the gradient in 
surface tenstion which is defined as Marangoni effect or thermocapillary effect. The 
resulting surface shear stress is called thermocapillary stress and the effective surface 
tension due to the temperature differential makes circulating flow at the transition region 
and the bulk region, so-called Marangoni circulation. The flow field is coupled to the 
temperature field through the thermocapillary stress. As stated previously. the capillary 
pumping ability is decided by the wetting ability of the liquid. Therfore, the 
thermocapillary stress have a detrimental effect on the capillary pumping potential by
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pulling the liquid film toward the bulk meniscus region. As shown in Fig. 2.3, the 
relatively cooler pore center, with higher surface tension, can act to pull the evaporating 
hotter thin film region with lower suface tension toward the bulk meniscus region, which 
degrades the wettability of the liquid. Such a degradation of wettability due to 
thermocapillary effects has been reported in many previous works (He and Hallinan, 
1994; Pratt and Hallinan, 1997). As a result, the thermocapillary stresses influence the 
change of interface shape and thus heat and mass transport at the evaporating thin film, 
and consequently degrade the stability of evaporating meniscus. A historical review of 
the Marangoni effect has been done by Scriven and Sternling (1960). The reason of 
considering the thermocapilly stresses herein is that they play an important role in the 
microscopic heat and mass transport phenomena at an evaporating extended meniscus. 
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CHAPTER III 
NUMERICAL ANALYSIS 
 
3.1 Mathematical Formulation 
 To describe steady-state heat and mass transfer one has to consider a nonlinear 
free-boundary problem; the shape of the evaporating extended meniscus is not known a 
priori and has to be determined as part of the solution. Once the shape is obtained 
numerically or experimentally, the other properties can be obtained by utilizing the 
information of the profile since all other thermo-physical properties such as liquid 
pressure, interfacial temperature and evaporative mass flux are related to the meniscus 
shape in equations stated later. In this chapter, the mathematical formulation to achieve 
the shape of an evaporating extended meniscus and other properties will be described.  
 The following assumptions have been made for the present mathematical model: 
1. The working fluid is Newtonian and compressible. 
2. The steady-state operation is considered. 
3. Two-dimensional channel flow is considered. 
4. One-sided formulation is developed in which only liquid side is considered. 
5. Inertia force is neglected. 
6. Gravitational body force is neglected. 
7. Wall temperature is assumed constant. 
8. Heat flux along the channel is uniform. 
9. Working fluids in adsorbed region wet completely the wall. 
 35
10. The wall is assumed to be perfectly flat and smooth. 
11. Vapor recoil stress is not considered. 
       
A one-sided formulation, based on the evaporation model of Burelbach et al. (1988), is 
developed for liquid side since the properties of vapor phase such as the density, 
viscosity, and the thermal conductivity are much less than those in liquid phase. This 
one-sided formulation allows for the determination of the liquid-vapor interface shape 
without the necessity of computing the thermal and flow fields in the vapor phase 
(Anderson and Davis., 1995). In microscale flow, the velocity is too low, so the inertia 
force is negligibly small and the gravitational body force is also small compared to 
surface force that is also neglected. The mathematical model for the slotted pore 
geometry is considered in rectangular coordinate frame of reference which is employed 
with the x-axis along the wall and the y-axis normal to the wall as illustrated in Fig. 3.1. 
The origin is set at the junction of the non-evaporating adsorbed film region and the 
evaporating transition region. 
 
3.1.1 Interfacial Normal Stress Balance 
The geometry of interest is depicted in Fig. 3.1. An evaporating two-dimensional 
meniscus is formed in the slotted pore. The liquid is assumed to be heated by a uniform 
heat flux from a solid substrate causing evaporation from the liquid-vapor interface. It is 
assumed that the evaporative flow from the thin film is sustained by constant liquid 
inflow from the bulk meniscus driven by gradients in capillary and disjoining pressure. 
The wall temperature, Tw, is assumed constant and the vapor phase is assumed to remain
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Fig. 3.1. Two-dimensional channel geometry and transition region. 
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in the saturated state at the temperature of Tv.  Especially, the transition region is focused 
on the analysis because most of the heat and mass transport occur in the region and the 
understanding of the fluid flow and heat/mass transport phenomena taking place in the 
region is of major importance in the design and analysis of the change of phase heat 
transport devices.  
The finding of liquid vapor interface profile starts from normal force balance in a 
liquid-vapor interface by well-known Laplace-Young equation, 
KPP lv σ=−      (3.1) 
which describes the relation of hydrostatic pressure and capillary pressure in the liquid-
vapor interface. Equation (3.1) is the governing equation describing the normal force 
balance along the interface encountered in various two-phase interfacial situations 
having liquid-vapor interface such as bubble, droplet, liquid film and a multitude of 
phase-change interface.  
For molecular configuration, an additional term, which represents the 
intermolecular interaction force, should be included in Eq. (3.1) yielding a following 
modified form which is called augmented Laplace-Young equation that represents 
normal stress balance along the liquid-vapor interface of liquid film, 
Π+=− KPP lv σ     (3.2) 
where Pv and Pl are the pressure of the vapor and liquid phases, respectively. The film is 
assumed to be sufficiently flat so that the liquid pressure does not vary in the direction 
perpendicular to the wall and thus the liquid pressure is a function of axial axis alone. 
The vapor phase is assumed to have a uniform pressure and temperature. Furthermore, it 
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is assumed to be in equilibrium with the bulk liquid at temperature Tv that is saturation 
temperature. Π  is the disjoining pressure, which represents the intermolecular 
interaction force between the liquid and solid molecules present in the thin liquid film, σ 
is a liquid-vapor interfacial surface tension, and K is a mean curvature of liquid-vapor 
interface. The curvature for two-dimensional channel geometry is represented in terms 
of the first and second derivative of the film thickness with the distance along the 
substrate: 
5.12
2
2
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−



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dx
dh
dx
hdK     (3.3) 
where h is the thickness of the film. The surface tension is related to the local liquid-
vapor interfacial temperature using a linear approximation, 
 ( )vi TT −−= γσσ 0       (3.4) 
where 0σ  is the reference surface tension at a reference temperature which is chosen as 
the vapor temperature of Tv, γ  is a positive constant for typical liquids which represents 
the slope in the diagram of temperature versus surface tension, and Ti is the liquid-vapor 
interfacial temperature. Equation (3.4) gives rise to the thermocapillary effects through 
the balance of shear stress with surface tension gradients along the liquid-vapor interface, 
which will be incorporated in a boundary condition of momentum equation. The 
disjoining pressure for non-polar liquids is expressed in the polynomial function of the 
film thickness in the non-retarded form (Derjaguin and Zorin, 1957), 
3h
A=Π      (3.5) 
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where Aπ6  is the Hamaker constant, which is positive for a completely wetting liquid, 
and A is called the dispersion constant or the modified Hamaker constant which accounts 
for the London-van der Waals forces between molecules. On the other hand, the 
disjoining pressure for polar liquids such as water is expressed in a logarithmic function 
of the film thickness and the thermal properties. The logarithmic function is difficult to 
be scaled and the experimental data of intermolecular forces for polar liquids are not  
available in literatures so that extensive researches of an evaporating thin film for non-
polar liquids have been performed due to the relative simplicity of mathematical 
modeling the intermolecular forces. The effect of polar liquids will be discussed in 
subsequent section in detail. 
The liquid flow in the extended meniscus occurs due to the liquid pressure 
gradient which replenishes the liquid evaporated in an evaporation region by pumping 
the liquid from bulk region. The liquid pressure gradient can be determined by 
differentiation of Eq. (3.2) with respect to x with assumption of constant vapor pressure, 
dx
d
dx
dK
dx
dK
dx
dPl Π−−−= σσ     (3.6) 
The vapor pressure can be considered constant since in many practical cases the vapor 
pressure drop is very small compared with the liquid pressure drop. Equation (3.6) 
shows that the liquid flow in the transition film region is controlled by gradients in 
curvature, surface tension, and disjoining pressure. Of these, the disjoining pressure term 
makes a major contribution of driving liquid flow into the transition film region. In the 
case of mixture flow, the effect of a concentration gradient is also added in Eq. (3.6). 
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3.1.2 Fluid mechanics: Momentum Equation  
The thin film is taken to be fairly flat so the dynamics of liquid flow in the thin 
film region are described by lubrication theory of fluid mechanics, which is the same as 
a boundary layer approximation, 
dx
dP
y
u l
l =∂
∂
2
2
µ      (3.7) 
To achieve the solution of Eq. (3.7), following boundary conditions are required at solid 
wall and liquid-vapor interface, 
 0=u   at 0=y     (3.8) 
dx
d
dy
du σµ =  at )(xhy = .    (3.9) 
The first condition Eq. (3.8) is no slip condition at the wall and the second condition Eq. 
(3.9) is the shear stress condition at the liquid-vapor interface, which equates the 
interface shear stress to the change in surface tension. The fluid flows resulting from the 
surface tension gradient on the superheated liquid surface are generally called 
thermocapillary flow or Marangoni flow. The gradient of surface tension also can be 
induced by composition gradients at the liquid-vapor interface, which will be discussed 
in detail in later section of binary mixture evaporation. The velocity profile is obtained 
by solving Eq. (3.7) with the boundary conditions Eqs. (3.8) and (3.9), 


 +


 −= y
dx
dhyy
dx
dPyu l σµ 2
1)(
2
.   (3.10) 
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The second term in the resulting liquid velocity profile represents the surface tension 
gradient due to the thermocapillary stress. The mass flow rate is obtained by the 
integration of the velocity profile over the cross section of height h and unit width, 
dx
dh
dx
dPhudy
l
l
l
xh
l
σ
ννρ 23
23)(
0
+−==Γ ∫    (3.11) 
where lν  is the kinematic viscosity of the liquid. The first term accounts for flow rate 
driven by pressure gradient and the second term accounts for flow rate resulting from 
surface tension gradient due to the changes in temperature and composition along the 
liquid-vapor interface. Using the definition of disjoining pressure of non-polar liquid (Eq. 
(3.5)) in non-retarded form, the relationship of surface tension (Eq. (3.4)) and the 
curvature with small slope assumption, xxhK ≈ , Eq. (3.6) can be rearranged, 
  ( )( ) xxxixxxvil hAhhdx
dThTT
dx
dP 4
0 3
−++−−−= γγσ   (3.12) 
where the subscript x indicates the derivative with respect to x. Combining Eqs. (3.12) 
and (3.11) one obtains the mass flow rate in terms of the film thickness and temperature, 
( )( )
dx
dThhAhh
dx
dThTTh i
l
xxx
i
xxxvi
l ν
γγγσν 233
2
4
0
3
−


 ++−−−−=Γ −   (3.13) 
 
3.1.3 Evaporative Mass Transfer 
Based on kinetic theory, Schrage (1953) related the net mass flux of matter 
crossing a liquid-vapor interface to a jump change in interfacial conditions at the 
interface: 
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


 −

= 2121
2
1
2 v
v
i
lv
evp T
P
T
P
R
MCm π&    (3.14) 
where C is the evaporation coefficient, M is the molecular weight, R is the universal gas 
constant, Plv is the saturation vapor pressure at the interfacial temperature of Ti. Taking 
the accommodation coefficient equal to one, the evaporation coefficient becomes 2.0 
(Schonberg and Wayner, 1992). Equation (3.14) is referred to as the Hertz-Knudsen-
Schrage equation, which describes an evaporative mass flux across a flat liquid. In order 
to extend Eq. (3.14) to curved liquid films, Wayner et al (1976) used an extended 
Clapeyron equation (Eq. (3.15)) which equates the variation in the interfacial saturation 
vapor pressure with temperature and disjoining pressure. 
( ) ( )vl
i
vl
vi
iv
fgv
vlv PPRT
PVTT
TRT
MhP
PP −+−=−     (3.15) 
where hfg is the latent heat of vaporization and Vl  is the liquid molar volume. The vapor 
phase is assumed to have a uniform pressure and temperature. As a result, using the 
approximation of 2121 vi TT ≈  and substituting Eq. (3.15) into Eq. (3.14), the evaporative 
mass flux for a curved liquid film is obtained as, 
( ) ( )



 −+−

= vl
i
vl
vi
iv
fgv
evp PPRT
PVTT
TRT
MhP
RT
MCm
21
2π&   (3.16) 
Equation (3.16) states that evaporation mass flux leaving the liquid-vapor interface is 
modeled as a function of the temperature and pressure jump at the interface. As a result, 
the local evaporation rate is a function of the local superheat and the local liquid pressure. 
The resistance to transport in the vapor phase in the actual process is ignored in the 
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model. The pressure jump at the liquid-vapor interface accounts for the reduction in the 
evaporation mass flux due to the capillary pressure and disjoining pressure by the 
interfacial normal stress balance equation given by Eq. (3.2) (Wayner and Schonberg, 
1990; Wayner, 1991). Multiplying the latent heat of vaporization by the evaporative 
mass flux, the evaporative heat flux is obtained, 
  fgevpevp hmq &=′′      (3.17) 
Thus, the evaporative heat flux depends on a difference in the temperature and pressure 
across the liquid-vapor interface. 
 
3.1.4 Thermal Field and Heat Transfer: Energy Equation 
The evaporative heat flux depends on the interfacial temperature. The liquid-
vapor interface temperature can be obtained using the steady-state energy equation. The 
thickness of the liquid film is so small that the conduction heat transfer through the 
liquid thin film is assumed to be present only the direction perpendicular to the solid 
surface. According to Stephan and Busse (1992), the calculated normal temperature 
gradients are several orders of magnitude larger than the gradients parallel to the surface. 
Also, the conduction heat transfer rate from the wall through the liquid film to the liquid-
vapor interface balances to both of evaporation and convection at the interface 
(Moosman and Homsy, 1980). Of these two, evaporative heat transfer is dominant. Thus, 
the conduction heat transfer rate would be equal to the evaporation heat flux at the 
interface. This yields a simplified energy equation resulting in one dimension conduction 
equation, 
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 02
2
=
dy
Td      (3.18)  
Two boundary conditions are necessary at wall and the liquid-vapor interface for 
obtaining the temperature distribution,     
   wTT =    at 0=y    (3.19) 
    fgevp
hy
l hmdy
dTk &=−
=
   at hy =    (3.20) 
where lk  is the thermal conductivity of the liquid. These correspond to a specified wall 
temperature and a balance between conduction and evaporation heat transfer at the 
liquid-vapor interface, respectively. Solution of the energy equation (Eq. (3.18)) subject 
to these boundary conditions gives the temperature variation along the interface, 
( ) wlfgevpi TxhkhmxT +−= )()( &    (3.21) 
With the substitution of the evaporation mass flux given by Eq. (3.16) into Eq. (3.21), 
the interfacial temperature is related with the film thickness, superheat, capillarity and 
disjoining pressure. As a result, the liquid-vapor interfacial temperature is a function of 
position. 
 
3.1.5 Mass Conservation in the Transition Film Region 
Considering mass conservation in the thin film, the evaporative mass flux is 
related to the change in mass flow rate for differential length as illustrated in Fig. 3.2, 
evpxxx m&+Γ=Γ ∆+ .     (3.22) 
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Fig. 3.2. Schematic for describing mass conservation within evaporating thin film. 
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Using Taylor series expansion for xx ∆+Γ , the evaporation mass flux is related to the mass 
flow rate in the thin film thorough mass conservation, 
 evpmdx
d &−=Γ       (3.23) 
Finally, substituting Eqs. (3.13) and (3.16) into Eq. (3.23) gives a forth-order, nonlinear, 
ordinary differential equation for the film thickness. This can be treated as an initial-
value problem by specifying the initial conditions at the adsorbed film (at x = 0).  
 
3.1.6 Nondimensionalization 
The governing equations and boundary conditions are scaled using the following 
nondimensional variables defined as,  
0h
h=η ,  
0x
x=ξ       (3.24) 
3
0
1
η=Π
Π=Π d      (3.25)   
0um lid ρ=&       (3.26) 
0
0
σ
µ uCa l=      (3.27) 
2
1
0
00
0 



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hx σ      (3.28) 
vw
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TT
−
−=θ      (3.29) 
( )0hk
mh idfg &=κ      (3.30) 
 47
vw TTT −=∆ 0      (3.31) 
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where,ξ  = dimensionless coordinate along the wall, 
 η  = dimensionless coordinate normal to the wall, 
 0h  = adsorbed film thickness, 
 0x  = axial characteristics length, 
 dΠ  = dimensionless disjoining pressure, 
 0Π  = disjoining pressure at adsorbed film, 
 idm&  = ideal evaporative mass flux, 
 0u  = characteristics velocity, 
 Ca  = capillary number, 
 0σ  = reference surface tension, 
 θ  = dimensionless temperature, 
 κ  = ratio of evaporative interfacial resistance to conductive resistance, 
 0T∆  = superheat. 
 
The specification of scaling variables is based on the work of Hallinan et al. (1994). The 
axial coordinate and the film thickness are scaled by different characteristic lengths since 
the length of transition is one order of magnitude larger than the thickness of thin film 
for a normal heat input. The film thickness is scaled by the thickness of adsorbed film 
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which is obtained by setting the evaporation mass flux zero in Eq. (3.16) with the 
assumption of non-evaporation in the adsorbed film region (Wayner and Schonberg, 
1990), and the thickness is given as, 
3
1
0
0 



∆= TMh
ATV
h
fg
vl     (3.33) 
Equation (3.33) indicates that the thickness of the adsorbed film decreases with increase 
in the superheat ( 0T∆ ) which is the temperature differential between the heated wall and 
vapor phase, and such a trend was observed in previous experimental works. The axial 
characteristic length is chosen as the length of the transition region by balancing the 
capillary pressure and disjoining pressure, 
 02
0
0
0 Π=x
hσ      (3.34) 
where the subscript ‘0’ represents the value at the reference state of adsorbed film region 
and then 0x  is obtained. The ideal evaporative mass flux ( idm& ) is defined as evaporative 
mass flux associated with evaporation due to only a temperature jump at the liquid-vapor 
interface. The characteristic velocity ( 0u ) comes from the ideal evaporative mass flux. 
The non-dimensional temperature ( θ ) is defined as the ratio of the interfacial 
temperature differential to superheat. Capillary number is defined as the ratio of viscous 
force to surface tension force. 
Using non-dimensional variables and combining with Eqs. (3.12), (3.13), and 
(3.16), Eq. (3.23) can be expressed in non-dimensional form,  
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where,    
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and the subscript ξ represents the derivative with respect to ξ.  
Equation (3.35) is a fourth-order, nonlinear, ordinary differential equation for the 
nondimensional film thickness. The resulting differential equation can be solved 
iteratively by Gear’s method (Gear, 1971), which is a higher-order implicit method and 
designed to solve stiff nonlinear equations with much larger stability limits.  
The procedure of solving Eq. (3.35) is based on the procedure developed 
uniquely by Chebaro and Hallinan (1993). The fourth-order differential equation needs 
four initial conditions at the adsorbed region, x = 0. For a completely wetting film the 
slope approaches a very small value at the adsorbed film region; thus first derivative of 
film thickness is zero. The second and third derivatives of the thickness would be zero as 
well. But these initial conditions yield the trivial solution of a constant film thickness 
profile. In order to avoid these trivial solutions, a small perturbation can be applied to the 
thickness and the slope (Wayner et al., 1976; Hallinan et al., 1994). The solution of Eq. 
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(3.35) is extremely sensitive to the specification of the initial condition for the second 
derivative of the thickness especially as the superheat increases. An iterative technique is 
employed to guess the slope at x = 0 such that the solution converges to the appropriate 
curvature in the bulk meniscus region. Once the liquid film thickness profile h(x) is 
obtained from Eq. (3.35), the other properties are readily determined since they are all 
functions of h(x), such as temperature (Eq. (3.21)), pressure gradient (Eq. (3.12)), and 
the evaporative mass flux (Eq. (3.16)). 
Based on the mathematical formulations and numerical treatments stated above, 
the specific effects such as thermocapillary stress (Section 3.2), slip boundary condition 
at wall (Section 3.3), binary mixture evaporation (Section 3.4) and liquid polarity 
(Section 3.5) on the microscale heat and mass transport phenomena within a heated 
capillary pore, will be extensively discussed in detail in subsequent sections.  
 
3.2 Effect of Thermocapillary Stress 
3.2.1 Background 
It was found that capillary pumped loop devices have not operated satisfactorily 
in low gravity, mainly due to deprime of the evaporator (Ku, 1993). In the environment 
of micro gravity, the buoyancy effect is negligible so that thermocapillary effect is 
dominant force inducing liquid flow in thermal field.  
As discussed in Section 2.3, the thermocapillary stresses degrade the wettability 
of liquid film with an increase in superheat by pulling the thin film toward the bulk 
meniscus, which tends to reduce the flow of liquid into the evaporation region. 
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Thermocapillary stresses become more important as the radius of capillary pore (R), 
superheat ( 0T∆ ), and the slope in the relation of surface tension and temperature (γ) 
increase, and diminish for higher cohesion and adhesion forces (σ and A, respectively) 
from scaling analysis (Hallinan et al., 1994). In general the thinnest portion of the 
evaporating meniscus near the adsorbed film is implicitly stable due to the stabilizing 
effects of solid-liquid adhesive forces. On the other hand, the most likely location for the 
onset of instability of evaporating meniscus is at the end of the transition region, where 
the effects of the adhesive forces are no longer dominant relative to surface tension and 
in addition thermocapillary stresses are also most severe in this region since the 
interfacial temperature gradients are maximum in the transition region (Pratt et al., 1998).  
In this section, based on the numerical model stated in Section 3.1, the impact of 
thermocapillary effect on microscale heat and mass transfer within heated capillary pore 
is investigated and the evaporative phenomena is also discussed under various superheat 
conditions. 
 
3.2.2 Review of Previous Studies 
He and Hallinan (1994) developed a mathematical model based on perturbation 
theory to investigate the effect of the thermocapillary stress on the heat and mass 
transport associated with evaporation of micro pores. They found that thermocapillary 
effect influenced significantly the effectiveness of phase-change heat transport. They 
also found that smaller sized pore was more stable for thermocapillary effect. 
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Pratt and Hallinan (1995), Pratt et al. (1997) and Pratt and Hallinan (1997) 
examined experimentally how the flows induced by thermocapillary stresses near the 
contact line affect the heat transport from the meniscus. They determined the influence 
of thermocapillary effects near contact line on evaporative heat transfer effectiveness by 
plotting the Nusselt number versus Marangoni number. The Marangoni number is 
defined as the ratio of thermocapillary forces to viscous forces. They found that for a 
small Marangoni number, the heat transfer effectiveness was enhanced with increasing 
heat input, but at some critical Marangoni number (approximately 4100), the heat 
transfer coefficient began to decrease, and over than Marangoni number of 10000, the 
evaporative transport effectiveness became insensitive to Marangoni effects. They 
concluded that thermocapillary stresses degraded the wettability of the liquid thereby 
reducing the wicking height and consequently influenced the heat and mass transfer 
characteristics in the thin film evaporation. 
Pratt et al. (1998) conducted both experiments and analysis to identify the 
thermocapillary effects on the stability of curved menisci within heated capillary pores. 
They demonstrated experimentally that the instability of an evaporating meniscus was 
initiated by oscillation in pressure and based on the experimental results the analysis was 
carried out to determine the conditions causing the meniscus to be unstable. They 
identified the thermocapillary effect induced the instabilities of the contact line region of 
evaporating menisci within capillary pores and found that heated meniscus in smaller 
pores are significantly more stable than in larger pores. Pratt and Kihm (2003) 
experimentally demonstrated that adding a small amount of second component could 
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improve the stability of evaporating meniscus by enhancing the wetting of the liquid 
which was realized by allowing the distillation-driven capillary stress to counteract the 
thermocapillary stresses. 
 
3.2.3 Results and Discussion 
As stated in Section 3.1, the thermocapillary effect are included in momentum 
equation by considering the gradient of surface tension along liquid-vapor interface in 
the boundary condition (Eq. (3.9)) and then the contribution of thermocapillary effect is 
incorporated in mass conservation (Eq. (3.23)). The working fluid is chosen as pentane 
in two-dimensional slotted pore of 20 µm width. The physical properties are obtained at 
working temperature of 300 K, and the corresponding vapor was assumed to be saturated. 
The physical properties of working fluids used in this work are summarized in Table 3.1. 
Note that x = 0 is set to the point of zero evaporation mass flux as the beginning of the 
transition region in all the presented results. 
Figure 3.3 shows meniscus profiles for three superheat conditions. The superheat, 
represented by the temperature differential between Tw and Tv, is specified by the 
boundary condition of Eq. (3.19). The length of thin film (transition region) decreases 
with increasing superheat and the adsorbed film thickness also decreases with an 
increase in superheat by the action of increasing capillarity and disjoining pressure 
which occurs naturally to supply more liquid from bulk meniscus to the evaporation 
region. The trends obtained herein are consistent with the results of Wayner and 
Schonberg (1990) and Hallinan et al. (1994). As a result of such changes in the film 
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profiles, the steady evaporation can be maintained. In a magnified view of meniscus 
profile near the adsorbed region as shown in Fig. 3.4 it is clearly demonstrated the 
thickness of the adsorbed film decreases with increasing superheat.  
Figure 3.5 shows the curvature profiles corresponding to the thin film profiles. 
The profiles indicate that the curvatures approach an asymptotic constant value in the 
bulk meniscus region and the values are the same for different superheat conditions 
because the meniscus shape in bulk region is maintained. Experimentally, Welter (1991) 
observed that for stable evaporating interfacial conditions a variation in the evaporation 
rate did not noticeably alter the radius of curvature of the meniscus region, which was 
observed to be equal to the radius of the capillary tube for the perfectly wetting liquids 
considered in his experiments. His experimental observation was used in the boundary 
condition for the thin film profiles in the studies of Chebaro and Hallinan (1993). This, 
the experimental observation is consistent with the curvature profiles in Fig. 3.5. It 
should be noted that the gradients in the curvature are maximum in the transition region, 
which accounts for the capillary forces are important contribution to the liquid flow in 
the transition region. Such a tendency is also found in liquid pressure gradient. In Fig. 
3.6 the location of peak liquid pressure gradient roughly corresponds to the location of 
maximum curvature gradient in Fig. 3.5. The maximum level of the pressure gradient 
increases with increasing superheat since a higher flow rate directed from the bulk to the 
thin film region is required to compensate the increased evaporation flux. The 
evaporative mass flux also has the same trend in Fig. 3.7 which shows the evaporative 
mass flux distributions calculated from Eq. (3.16) along the thin film for different 
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superheat levels. The point of maximum evaporation mass flux exists within the thin 
film region for all superheat levels, and this has been persistently identified in the 
previous studies. As expected, the evaporative mass flux increases with increasing 
superheat. 
Figure 3.8 shows interfacial temperature profiles calculated from Eq. (3.21) for 
the same superheat conditions. The temperature differential between the interfacial 
temperature and vapor temperature leads to the evaporation. In this study, the vapor 
temperature is 300 K. As shown in Fig. 3.8, the temperature differential is peak at the 
adsorbed film due to the closeness of the adsorbed film to the heated wall and decreases 
to minimum at bulk meniscus region due to large conductive resistance of relatively 
thick liquid film at the bulk region. However, the evaporative mass flux (Fig. 3.7) 
becomes to maximum at the transition region since the intermolecular force is significant 
to keep the film from evaporation even though the temperature differential is enough. 
The temperature profiles indicate that the temperature gradients become to maximum at 
the transition region. Since thermocapillary stress is caused by the temperature gradient, 
the thermocapillary stresses are most severe at the transition region and the impact of the 
thermocapillarity will become more severe in higher heat fluxes. The resulting 
thermocapillary stresses will degrade the wetting ability of working fluid and then leads 
to the unstable operation of the devices.  
Figure 3.9 shows the distribution of disjoining pressure and capillary pressure. 
They are calculated from Eq. (3.5), and Eqs. (3.3) and (3.4), respectively, using obtained 
meniscus profiles. The disjoining pressure, as expected, becomes maximal in the 
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Fig. 3.3. Film thickness profiles for different superheat conditions. 
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Fig. 3.4. Magnified view of film thickness profile at near adsorbed region for 
different superheat conditions.
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Fig. 3.5. Distribution of curvature for different superheat conditions. 
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Fig. 3.6. Distribution of liquid pressure gradient for different superheat conditions. 
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Fig. 3.7. Distribution of evaporative mass flux for different superheat conditions. 
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Fig. 3.8. Distribution of interfacial temperature for different superheat conditions. 
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Fig. 3.9. Distribution of disjoining pressure and capillary pressure for different 
superheat conditions. 
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Fig. 3.10. Distribution of liquid pressure for different superheat conditions. 
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adsorbed film region, in contrast the capillary pressure approach maximum value in bulk 
region. In practice, the disjoining pressure is negative value and thus this suctions the 
liquid into the transition region. Consequently, the disjoining pressure is potential for 
replenishing the liquid flow into evaporation region from bulk liquid and thus the 
disjoining pressure must minimally overcome the thermocapillary stresses and the 
viscous force applied at solid wall to maintain the steady evaporation. In the transition 
region, the disjoining pressure and the capillary pressure are equally important. Figure 
3.10 depicts the liquid pressure profiles, which demonstrates the pressure drop resulting 
from a change in meniscus shape increases with increasing superheat to replenish more 
liquid into the evaporation region. 
Figure 3.11 is presented to examine the effect of thermocapillary stress on the 
thin film profiles for ammonia at the vapor temperature of 300 K. As stated previously, 
the thermocapillary stress degrades the wettability of the working fluid in the 
evaporating meniscus (Pratt and Hallinan, 1997), which makes the transition region 
shorten by pulling the liquid film toward the adsorbed region as shown in Fig. 3.11. The 
thermocapillary stresses become important in the liquid with increasing the slope (γ) in 
the diagram of surface tension versus temperature (Hallinan et al., 1994). As indicated in 
Table 3.1, the slope of ammonia is larger than that pentane, so the changes in the thin 
film is significant for ammonia. 
Figure 3.12 shows the change in the evaporative mass flux profiles due to 
thermocapillary effect. The peak value of the evaporative mass flux is larger compared 
to the case of that thermocapillary stress is not considered. However, the integrated
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Fig. 3.11. Comparison of thin film profiles with thermocapillary effect and without 
thermocapillary effect for ammonia at vapor temperature of 300 K. 
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Fig. 3.12. Comparison of evaporative mass flux with thermocapillary effect and 
without thermocapillary effect for ammonia at vapor temperature of 300 K. 
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Fig. 3.13. Total evaporative heat flow rate per unit depth for both with 
thermocapillary effect and without thermocapillary effect at different superheat 
levels for ammonia. 
 
 69
evaporative mass flow rate decrease due to the thermocapillary stresses since the 
evaporation region decreased owing to the detrimental effect of thermocapillary stresses, 
which is confirmed in Fig. 3.13. The figure shows the change in the total evaporative 
heat flow rates per unit depth that are obtained by the multiplication of the integrated 
value of evaporative mass flow rate in the transition region and the latent heat of 
vaporization of ammonia. As expected, the total evaporative heat flow rate increases 
with increasing the superheat and it clear shows that the thermocapillary stresses degrade 
the heat transport performance. 
 
3.3 Effect of Slip Boundary Condition at Wall  
3.3.1 Background  
 With the proliferation of MEMS and nano technology, flow phenomena have 
been studied at smaller scales. At the micro/nano scale, flow cannot be modeled based 
on a continuum hypothesis. The deviation of the gas flow from the continuum 
hypothesis is measured by the Knudsen number, which is defined as the ratio of the 
mean free path to the characteristic length scale. For liquids, however, the concept of the 
mean free path is not useful so that the Knudsen number cannot be defined. This is one 
of obstacles to determine the slip effect of liquid flow (Gad-el-Hak, 2001). However, 
several researchers have recently demonstrated that the no-slip boundary condition may 
not be applicable to both the micro- and nano-scale liquid flow. Ruckenstein and Dunn 
(1977) established a model for a slip velocity at the contact line region of a spreading 
liquid drop on a solid surface. They noted that a gradient of chemical potential along the 
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interface of liquid and solid induces a force which causes the slip. Neogi and Miller 
(1982) calculated spreading of an axisymmetric sessile drop over a solid medium using a 
slip condition which was equal to the slip velocity of Ruckenstein and Dunn (1977). 
They demonstrated that intermolecular forces in the contact line region had an effect on 
the surface diffusion of adsorbed molecules which produced slip on a wall substrate. 
Ruckenstein and Rajora (1983) compared the slip velocity modeled by a chemical 
potential theory with the slip velocity measured experimentally in a sufficiently small 
capillary. They determined the slip velocity with the use of the chemical potential theory, 
where the slip velocity was proportional to a gradient in the chemical potential caused by 
pressure drop in capillary pore. They demonstrated that the slip velocity was related to 
the surface diffusion coefficients and the pressure gradient. Recently, Thompson and 
Troian (1997) provided molecular dynamic (MD) simulations to quantify the slip-flow 
boundary conditions in liquid flows. Based on the results of MD simulation, they 
suggested a more general boundary condition for liquid flow at a solid-liquid interface. 
Choi et al. (2002) examined the slip effects of water flow in hydrophilic and 
hydrophobic microchannels experimentally. They explained that the effect of slip 
velocity made the measured flow rate different in two microchannels. In the 
experimental results they obtained the relation of shear rate and slip length that had the 
same form as that of Thompson and Troian (1997) with different coefficients. Tretheway 
and Meinhart (2002) measured the velocity profile in hydrophobic microchannel using 
micro particle image velocimetry. In their experiments, they measured an apparent slip 
velocity, which was about 10% of free stream velocity and a slip length was 
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approximately 1 µm. They concluded that the no-slip condition could be inaccurate for 
micro scale fluid flow modeling.  
While all the above mentioned studies considered only hydrodynamic aspects of 
slip boundary conditions, the only published study accounting for the evaporation under 
slip, based on the authors’ literature search, is presented by Park et al. (2003). They 
applied the slip velocity conditions to the evaporating micro channel filled with water 
under excessively simplified conditions, i.e., assuming isothermal interfacial conditions 
without incorporating the thermocapillary effects. Nevertheless, they concluded that the 
slip velocity boundary condition had a significance influence on the fluid and heat 
transport processes. 
The slip boundary condition is related to pressure gradient that gives rise to the 
flow field of an evaporating meniscus within capillary driven heat transport. Such 
devices rely upon large pressure gradients in the thin film region to sustain the 
evaporation. A larger evaporative flow, and therefore thin film pressure gradient, yields 
an increased slip velocity. Therefore, recently developed thermal control devices having 
high thermal performance and thus large liquid pressure gradients in thin films can only 
be accurately modeled by considering a slip velocity condition near the contact line. As 
the characteristic length of a pore or groove decreases, the slip effects become more 
important. Further, the slip velocity becomes more important with increase in heat flux 
in thin film transition region, as will be shown in detail later. According to several 
experimental investigations, the film thickness in the transition region has been 
measured to be on the order of tens to hundreds of nanometers (DasGupta et al., 1993a). 
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Given slip lengths on the order of submicron, slip cannot be ignored when modeling the 
thermo-fluid characteristics of an evaporating thin film. In this section, the effect of the 
slip boundary condition on the fluid flow and heat transfer is examined. 
 
3.3.2 Mathematical Model of Slip Boundary Condition 
In momentum equation (3.7), the boundary condition for slip motion at wall can 
be included as follows: 
wall
s dy
duLu =  at y = 0     (3.40) 
where Ls is slip length. At a solid wall, the slip velocity is incorporated in velocity field 
by considering slip length and shear rate at the wall. The slip length is obtained by 
experimentally and theoretically. The slip boundary condition, Eq. (3.40), is the slip 
boundary condition at wall, which was proposed by Navier (1823) to incorporate the 
possibility of flow slip. Ls is the slip length that is an imaginary length from wall at 
which the velocity extrapolates to zero. If Ls is zero, this is identical to a no-slip 
condition. Thompson and Troian (1997) proposed the following relation of slip length 
and shear rate,  
( ) 210 1 −−= css LL γγ &&      (3.41) 
where 0sL  is asymptotic limiting value of slip length, γ&  is shear rate and cγ&  is the 
critical value of shear rate. The relation was achieved in the numerical study of a micro 
Couette flow by the use of molecular dynamics simulations. A similar form of the 
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relation was obtained experimentally by Choi et al. (2002) in hydrophobic and 
hydrophilic microchannels with water as shown, 
1
1
βγα &=sL      (3.42) 
where the coefficients, 1α  and 1β , are experiment dependent. The coefficients obtained 
in the experiment for hydrophilic microchannel are 1α  = 0.059 and 1β  = 0.485 for water. 
In this study, using the correlation of Thompson and Troian (1997) the slip effect on 
microscale heat and mass transfer is investigated for working fluids of pentane and 
ammonia, and for water the slip model of Choi et al. (2002) is utilized. 
 The resulting differential equation incorporating slip effect is obtained from Eq. 
(3.35) given as, 
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The differential equation can also be solved numerically using the same iteration method 
as stated in Section 3.1. 
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3.3.3 Results and Discussion 
The working fluid is pentane at temperature of 300 K. The radius of micro- 
channel is 10 µm. Thermocapillary stress is also included in mathematical model. The 
slip length is about 5 nm, which is calculated with thermo-physical properties using the 
correlation of Thompson and Troian (1998). The results of evaporating liquid film of 
pentane are compared with those of ammonia. 
 Figure 3.14 indicates change in thin film profiles due to the slip effect. As stated 
previously, the thermocapillary stress make the length of transition shorter which in turn 
induces instability of the evaporation process at specific superheat condition. However, 
the slip effect compensate for the defect associated with the thermocapillary stress as 
shown in Fig. 3.14. The slip effect at wall makes liquid of the transition region flow 
more with smaller flow resistance and then the length of the transition region is 
increased.  
 Figure 3.15 shows the distribution of the evaporative mass flux for pentane at 
different superheat levels, which clearly shows that the evaporative heat flux increase 
with increasing superheat. In the figure, it should be noted that the slip boundary 
condition enhances the evaporative mass flux because the flow resistance is reduced due 
to the slip effect at wall. The trend of the enhancement of the total evaporative heat flow 
rate per unit depth is shown in Fig. 3.16, which represents the comparisons of total 
evaporative heat flow rates for slip and no-slip conditions. Also, this figure describes 
definitely that total evaporative heat flow rates are increased by slip boundary condition. 
These total evaporative heat flow rates are obtained by multiplying the latent heat of 
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Fig. 3.14. Comparison of meniscus profiles for thermocapillary effect and slip 
condition for pentane at vapor temperature of 300 K (∆T=0.01K). 
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Fig. 3.15. Comparison of evaporative mass fluxes for both slip and no-slip wall 
conditions at different superheat levels for pentane at vapor temperature of 300K 
(∆T=0.006K and ∆T=0.01K). 
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Fig. 3.16. Total evaporative heat flow rate per unit depth for both slip and no-slip 
wall conditions at different superheat levels for pentane and ammonia. 
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vaporization by the integrated evaporative mass fluxes in the transition film region. The 
transition film is defined as the region from the adsorbed film region to the location 
where capillary pressure becomes larger than or equal to disjoining pressure. In the Fig. 
3.16 it should be noted that the total evaporative heat flow rate for ammonia is one order 
magnitude larger than that of pentane. The dispersion number of ammonia is about ten 
times larger than that of pentane, which makes longer transition region and then 
ammonia can evaporate in larger region. In addition, the latent heat of vaporization of 
ammonia is larger than that of pentane, which is another reason of a larger evaporative 
heat transfer rate for ammonia than for pentane. 
Figure 3.17 represents the liquid pressure gradient distribution along axial axis. It 
is clear that the liquid pressure gradient increases as superheat increases since liquid 
flow needs more pressure differential at higher superheat condition. At the same 
superheat conditions, the flow with slip condition requires relatively smaller pressure 
gradient since the flow resistance is smaller due to slip effect at wall. The decrease in 
liquid pressure gradient becomes more significant as superheat increases, which was 
described in Eq. (3.12). Figure 3.18 shows the distribution of liquid pressure in thin film 
region. It also confirms that the liquid pressure gradient decreases at slip condition. 
To better understanding of the slip effect, a scaling analysis can be used to 
identify the parameters controlling the slip length and velocity in the evaporating thin 
film (Hallinan, 2003). First, a characteristic axial velocity, u*, is defined using the thin 
film mass flux present at the beginning of the thin film region. 
trltr hu ρΓ=*      (3.44) 
 79
 
 
 
 
 
 
0.0E+00
5.0E+08
1.0E+09
1.5E+09
2.0E+09
2.5E+09
3.0E+09
3.5E+09
0 1 2 3 4 5 6 7 8
x(µm)
Pr
es
su
re
 G
ra
di
en
t(P
a/
m
)
No Slip
Slip
∆T=0.01K
∆T=0.006K
  
 
Fig. 3.17. Liquid pressure gradient distribution along axial position at different 
superheat levels for pentane at vapor temperature 300 K (∆T=0.006K and 
∆T=0.01K). 
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Fig. 3.18. Liquid pressure distribution along axial position at different superheat 
levels for pentane at vapor temperature of 300 K (∆T=0.006K and ∆T=0.01K). 
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where the subscript ‘tr’ refers to conditions at the transition between the bulk meniscus 
and the thin film. The transition mass flux can be related to the total heat transfer from 
the thin film according to: 
tr
tr
vw
tr
tr
iw
fgtr Lh
TTkL
h
TTkh ⋅−≅⋅−≅Γ    (3.45) 
Here Ltr is the length of the thin film. The transition film length can be scaled using the 
lubrication form of the x-momentum equation. Ignoring thermocapillary stresses and 
scaling derivatives in u by suu −*  
tr
tr
tr
s
Lh
uu Π−Π≅− 02
*
,     (3.46) 
and Eq. (3.46) is rearranged with respect to Ltr, 
( )
s
trtr
tr uu
hL −
Π−Π≅ *
2
0      (3.47) 
Equation (3.47) shows that the transition film length increases as us increases and such 
trend was confirmed in Fig. 3.14. By combining Eqs. (3.45), (3.46) and (3.47), a final 
scaling for u* is obtained. 
( ) ( )trtr
tr
vw
fgl
s hh
TT
h
kuuu Π−Π−≅− 022** ρ    (3.48) 
The slip velocity can be scaled as 



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tr
s
s h
L
uu *      (3.49) 
Thus, the velocity scale, u*, can be rewritten as 
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The total heat transfer from the thin film can then be scaled as: 
lvtr hQ Γ≅      (3.52) 
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Equation (3.53) describes that for a given superheat condition, ( )vw TT − , and therefore a 
given ( )trΠ−Π0 , a larger slip length yields an increased heat transport. This result was 
also confirmed in Fig. 3.16. 
 
3.4 Binary Mixture Evaporation   
3.4.1 Background 
 In 1855, Thomson defined tears of wine phenomena which take place in wine 
glass. As known typically, alcohol evaporates earlier than water since alcohol is more 
volatile than water. As examined in previous sections, most of the evaporation takes 
place in the thin film region. Therefore, the concentration of water in thin film region is 
relatively denser than that in bulk region and thus the surface tension in thin film region 
is larger relative to that of bulk region because the surface tension of water is larger than 
that of alcohol. As a result, such a concentration gradient due to the preferential 
evaporation gives rise to surface tension gradient in the liquid film and then it causes the 
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liquid flow from bulk region to thin film region. This resulting surface tension makes the 
liquid climb up along the glass wall until forming drops, and then the drops roll down 
due to gravity. It repeats a cycle of climbing up and rolling back. It was defined the 
tears-of-wine phenomena by Thomson (1855). From this interesting phenomenon it 
should be noted that the direction of the effective surface tension caused by the binary 
mixture evaporation is opposite to the thermocapillary stress.  
It has been noted experimentally or theoretically that for large heat flux, unstable 
oscillatory operations of the phase change devices have been observed. Such instability 
is identified to be caused by thermocapillary stresses along liquid-vapor interface 
resulting from temperature gradient that may degrade the wettability of the liquid within 
the phase-change heat transport devices, which subsequently leads to the reduction in the 
performance of the devices by diminishing the ability of the capillary pumping potentials. 
It is also found that the thermocapillary stresses become severe as the superheating due 
to heat flux increases. One available way to compensate the thermocapillary stresses has 
been proposed to introduce a small amount of second component having relatively large 
surface tension and lower vapor pressure so that the second component evaporates later 
than the main component. Typically, the interfacial temperature increases in the 
direction of fluid flow towards the transition film region as stated previously. Since the 
surface tension is reversely proportional to the temperature, the surface shear stress 
gradient caused by the temperature gradient in the transition region would hinder fluid 
flow toward the transition film region. On the other hand, the concentration of the 
second component of the mixture with higher surface tension and lower vapor pressure 
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can reverse the direction of flow. Therefore, a surface tension gradient due to a 
concentration gradient in the mixture may enhance flow toward the transition region. 
This is called a distillation-driven capillary stress (Pratt and Kihm, 2003). 
It has been noted experimentally that since the thin film region is extremely thin, 
even a very small amount of a second component in the bulk meniscus region of the 
system can significantly affect the evaporation process in the thin film region. Although 
some research has been done on this very broad topic, these effects have not been 
sufficiently studied since the transport processes are more complex relative to those of a 
single fluid (Wayner, 1999).  
In this section, based on the constant vapor pressure model developed by Parks 
and Wayner (1987a), a mathematical formulation of Hallinan et al. (1994) as depicted in 
Section 3.1 is extended to investigate the impact of binary mixture evaporation on the 
microscale heat and mass transport within evaporating thin film. The model also 
examines the change in surface stress field of the transition film region arising from a 
composition change due to preferential evaporation and explains experimentally 
observed enhancement in stability of binary mixture of Pratt and Kihm (2003). The 
composition gradient of the binary mixture is determined by the use of a binary mixture 
model developed by Parks and Wayner (1987a). 
 
3.4.2 Review of Previous Studies  
Experimentally phase change device showed an unstable behavior in the 
condition of higher heat input. In order to improve this unstable operation of phase 
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change device, two-component heat pipe was developed by Tien (1970). He investigated 
the operational characteristics of two-component heat pipes and found that two-
component heat pipe improved the stability in the operation of the heat pipe. 
Tung et al. (1982) and Wayner et al. (1985) conducted the experimental study of 
an evaporating thin liquid film formed on a heated inclined flat substrate immersed in a 
liquid pool of a mixture of decane and tetradecane. They found that composition 
gradient of the mixture in the contact line region has a significant effect on the thin film 
profile relative to a single fluid of decane. They noted that the addition of even a small 
percentage of second component significantly influences the transport processes in the 
contact line region of an evaporation thin film. The experimental results were 
analytically examined using a Marangoni flow model by Tung and Wayner (1984). The 
analysis demonstrated that surface shear resulting from both thermocapillarity and a 
concentration gradient has a significant impact on a multicomponent evaporating system 
even when the concentration of the second component is small in the bulk fluid. 
Wayner et al. (1985) measured the evaporating extended meniscus profiles of 
binary mixture under varying heat flux using laser interference technique and compared 
those with the profiles of pure system. They found that the profiles for the mixtures were 
spread out relative to those for the pure system. It was noted that the evaporative heat 
transfer characteristics of the contact line region could be significantly altered by the 
addition of a small percentage of a second component and the proper use of this 
additional variable in devices that was dependent upon evaporation from a stationary 
thin film should lead to improved control and enhanced performance. 
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Parks and Wayner (1985) proposed constant vapor boundary condition to make 
the equation simplified and calculated the film thickness, temperature and concentration 
profiles over a small length of an evaporating binary mixture based on the results 
obtained in the experiment of Tung et al. (1982). They noted that the surface tension 
gradient and curvature gradient were significant contribution to the mass flow rate of the 
evaporating meniscus. 
Volintine and Wayner (1986) made a model to examine the fluid flow in an ultra-
thin film with isothermal interfacial condition by assuming that surface tension gradients 
and disjoining pressure gradients control the flow. They showed that the reduction of 
vapor pressure due to the liquid-solid interactions could be estimated from a modified 
form of the Kelvin relation. 
 Parks and Wayner (1987a; 1987b) developed the numerical model for binary 
evaporating near contact line region. Combining a constant vapor pressure boundary 
condition at the liquid-vapor interface with the meniscus profiles from experiments by 
Tung et al. (1982), they numerically obtained profiles of other physical properties such 
as concentration and temperature in evaporating meniscus using thermo-physical 
relations with the profile. The experimental profiles were fitted to polynomials in a least 
square sense. They demonstrated that the major contribution to the mass flow rate in the 
meniscus was surface tension gradients due to gradients in temperature and 
concentration. In the analysis, it was noted that a surface tension gradient caused by a 
concentration gradient was more dominant than by a temperature gradient. 
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 Recently, Pratt and Kihm (2003) experimentally investigated the thermocapillary 
effects on a heated evaporating meniscus formed by binary mixtures of pentane and 
decane by measuring the wicking height of binary mixture in capillary pores. Their 
results demonstrated that interfacial thermocapillary stresses resulting from liquid-vapor 
interfacial temperature gradients, which have been known to degrade the wettability of 
the liquid, could be counteracted by concentration gradients associated with preferential 
evaporation in binary mixture. They found that the optimum concentration of the binary 
mixture significantly prolonged instability onset compared to the pure liquid. They also 
demonstrated that there was no degrading effect of the binary mixture on heat transport 
by applying a simple energy balance.  
 Kern and Stephan (2003a) developed a theoretical model for the effect of binary 
mixture evaporation on nucleate boiling heat transfer using a single bubble model. Their 
model included interfacial curvature, adhesive pressure, interfacial thermal resistance, 
Marangoni convection, and the local variation of composition. They described the heat 
and mass transfer in thin liquid film and combined it with the macroscopic solution for 
the liquid and solid domain. Comparison of the heat transfer coefficient of binary 
mixture with measurements from experiments showed a good agreement. They also 
examined that the heat transfer in the thin film had a strong influence on overall heat 
flow. Based on their theoretical model, Kern and Stephan (2003b) investigated the 
decisive mixture effects caused by concentration gradients in nucleate boiling of binary 
mixture. Their results showed that diffusive mass transfer and Marangoni convection 
had an almost insignificant influence on heat and mass transfer in the nucleate boiling 
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process. They also found that for binary mixture evaporation the maximum heat flux was 
reduced and the length of the thin film became longer relative to the evaporation of a 
pure liquid flow. 
  
3.4.3 Mathematical Model of Binary Mixture Evaporation 
As stated in Section 3.1, the fluid mechanics in the thin film regions are 
described by momentum equation, 
dx
dP
y
u l
l =∂
∂
2
2
µ      (3.54) 
and two boundary conditions are as follows: 
 0=u   at 0=y     (3.55) 
dx
d
dy
du σµ =  at )(xhy = .    (3.56) 
The second boundary condition has a significant effect on the velocity distribution of 
binary mixture because of large gradients in concentration and temperature during 
evaporation, and thus the surface tension. 
 The necessary liquid flow in an evaporating thin liquid film is provided by the 
liquid pressure gradient, which is determined by differentiation of augmented Laplace-
Young equation (Eq. (3.2)) with respect to x, 
dx
d
dx
dK
dx
dK
dx
dPl Π−−−= σσ      (3.57) 
 For binary mixture, the gradient of surface tension consists of gradients of temperature 
and composition as follows: 
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where c is composition. Second term in R.H.S. of Eq. (3.58) is the effect of composition 
gradient and third term is for thermocapillary effect. Therefore, for an evaporation of 
binary mixture, the liquid flow is induced by combined effects of curvature, surface 
tension, composition, temperature and disjoining pressure. Especially, the composition 
gradient should overcome the temperature gradient to get the benefit of stabilizing 
ability of binary mixture. In general, the disjoining pressure in films of mixtures is a 
complicated function of composition, but in the case of mixtures of similar components 
such as two alkanes, the dielectric and optical properties of the components may be 
sufficiently close such that the molecular component of the disjoining pressure can be 
assumed independent of the composition (Volintine and Wayner, 1986). 
 For a binary mixture of low molecular weight alkanes, the surface tension can be 
represented by Reid et al. (1977), 
 ( ) 2111 1 σσσ cc −+= .      (3.59) 
In this model a mixture of pentane and decane is considered. Subscript ‘1’ and ‘2’ 
represent pentane and decane, respectively, and 1c is a mole fraction of pentane mixed in 
mixture and thus the maximum value of 1c  is one. In this work, a variety of mole 
fractions are taken into consideration to examine the effect of the mole fraction on the 
evaporation efficiency and the stability. Alkanes are one of the hydrocarbon families that 
have only carbons. Each carbon atom in the molecule is surrounded by single co-valent 
bonds. As a result, they are non-polar molecules since all of the C-H bond dipoles cancel 
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each other. The general molecular formula for the members of the alkane family is: 
    CnH2n+2      (3.60) 
where n is number of carbon atoms in the alkane molecule. Pentane (C5H12) and decane 
(C10H22) belong to the alkane family (Logan, 1997).  
By the chain rule the following equation of surface tension gradient is achieved. 
 ( ) ( )
dx
dc
dx
dT
dT
dc
dT
dc
dx
d i 1
21
2
1
1
1 1 σσσσσ −+

 −+=    (3.61) 
The surface tensions of the pure components are assumed to be linear functions of 
temperature given as, 
( )vii TTT −−= 1101 )( γσσ     (3.62) 
( )vii TTT −−= 2202 )( γσσ     (3.63) 
where the reference surface tension 01σ  and 02σ  are for pentane and decane at vapor 
temperature Tv, respectively and 1γ  and 2γ  are the slope of surface tension, which are 
given by Reyes and Wayner (1997). Equation (3.59) is rearranged using the linear 
function of surface tension, 
 ( )( ) ( ) ( )( )vivi TTcTTc −−−+−−= 22011101 1 γσγσσ    (3.64) 
Therefore, Eq. (3.61) can be rearranged using above relation, 
 ( )[ ] ( )( )[ ]
dx
dcTT
dx
dTc
dx
d
vi
i 1
2120102121 −−−−+−−−= γγσσγγγσ   (3.65) 
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The concentration gradient can be related to the temperature gradient at the liquid-vapor 
interface through the use of a constant vapor pressure boundary condition (Parks and 
Wayner, 1985). 
 ( )TPcP satviv ii =      (3.66) 
where ( )TPsatvi  is saturation pressure of component i at temperature T. The vapor 
pressure of pure components are calculated from the Antoine equation, 
 
i
i
i
sat
v CT
BAP
i ++=ln       (3.67) 
where the constants (Ai, Bi, Ci) for common liquids are given by Reyes and 
Wayner(1997). 
 When two liquids are mixed, the equivalent vapor pressure of the mixture 
roughly follows Raoult’s law (Logan, 1997), which states that vapor pressure of the 
mixture is a function of the vapor pressures of the individual components and their mole 
fraction: 
 ( ) ( ) ( )isatvisatvvvv TPcTPcPPP 2121 11 1−+=+=     (3.68) 
where satvP 1 and 
sat
vP 2  are the saturation vapor pressure of component 1 and 2, respectively. 
Differentiating above equation with respect to x and setting the result equal to zero 
yields the following equation since it is assumed that total vapor pressure is constant. 
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where,    ( )21
11
ln
CT
B
dT
Pd satv
+−=     (3.70) 
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( )22
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B
dT
Pd satv
+−=     (3.71) 
Therefore, the derivative of concentration is rearranged, 
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Equations (3.65) and (3.72) can be combined to give the surface tension gradient in 
terms of the temperature gradient alone. 
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As stated in Section 3.1, the gradient of surface tension is substituted into the pressure 
gradient (Eq. (3.58)) and then the surface tension gradient makes a contribution to the 
mass flow rate in Eq. (3.56). 
This model assumes that the concentration is uniform across the film at any x 
location and therefore diffusion in the y direction has not been included. There would be 
diffusion in the x direction due to the concentration gradients in the x direction, but this 
effect is secondary to the bulk convection term and thus has been neglected for 
simplification of the mathematical formulation. 
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where the coefficients are as follows: 
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from (3.72) 
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Differential equation (3.74) for thin film shape and Eq. (3.81) for concentration are 
solved simultaneously. For the numerical scheme for solving the differential equations, 
the Gear’s implicit algorithm is also used herein. 
 
3.4.4 Results and Discussion 
A mixture of pentane and decane is chosen as the working fluid for investigation 
of distillation effect in a two-dimensional slotted pore of 2 µm width. The physical 
properties of pentane and decane are obtained at working temperature of 300 K as 
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presented in Table 3.1, and the corresponding vapor was assumed to be saturated. Note 
that x = 0 is set to the point of zero evaporation mass flux as the beginning of the 
transition region in all the presented results. 
Figure 3.19 represents the distribution of concentration rate of pentane in the 
transition film region that is the result of differential Eq. (3.81). The concentration in 
bulk meniscus region was fixed at pentane of 98 % and decane of 2 %. The 
concentration gradient is related to surface tension gradient. As explained in Table 3.1, 
the surface tension of decane is larger than that of pentane at the same thermal condition. 
Thus, the resulting surface tension in the thin film where decane is relatively rich is 
larger than that in bulk meniscus. This is confirmed in Fig. 3.20 that shows the 
interfacial surface tension distribution. Due to the concentration gradients as indicated in 
Fig. 3.19, the effective surface tensions act toward the adsorbed film region and thus 
they give rise to the improvement of the wettability of the liquid by spreading out the 
thin film region longer. The difference between surface tension variations of the pure 
pentane and the mixture will be also shown later. 
The thin film profiles of binary mixtures having different concentration ratio of 
pentane are compared to that of pure liquid in Fig. 3.21, which shows that the 
evaporating film of binary mixtures are elongated toward the bulk meniscus region by 
the combined action of thermocapillary stress and distillation-driven capillary stress. 
From this result, it could be expected that the binary mixture can improve the stability of 
the thin film evaporation.  
 95
 
 
 
 
 
 
 
0.965
0.970
0.975
0.980
0.985
0 0.2 0.4 0.6 0.8 1 1.2 1.4
x (µm)
C
om
po
si
tio
n 
ra
te
 o
f P
en
ta
ne
∆T=0.1K, Pentane(98%)/Decane(2%)
∆T=0.2K, Pentane(98%)/Decane(2%)
∆T=0.3K, Pentane(98%)/Decane(2%)
 
 
Fig. 3.19. Distribution of concentration rate of pentane under different superheat 
conditions. 
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Fig. 3.20. Distribution of interfacial surface tension under different superheat 
conditions. 
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Fig. 3.21. Comparison of meniscus profiles between pure pentane (100%), mixture 
of pentane (98%) and decane (2%), and mixture of pentane (90%) and decane 
(10%) under the superheat of 0.3 K. 
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Fig. 3.22. Comparison of interfacial temperature distribution between pure pentane 
(100%), mixture of pentane (98%) and decane (2%), and mixture of pentane (90%) 
and decane (10%) under the superheat of 0.3 K. 
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Fig. 3.23. Comparison of surface tensions between pure pentane (100%), mixture of 
pentane (98%) and decane (2%), and mixture of pentane (90%) and decane (10%) 
under the superheat of 0.3 K. 
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Figure 3.22 demonstrates the comparison of interfacial temperature profiles 
between the mixtures and the pure pentane at the superheat of 0.3 K. As expected, the 
gradients in temperature decrease in binary mixtures. As stated previously, the 
thermocapillary stress is induced due to the interfacial temperature gradient. Thus, the 
lower gradient in the temperature associated with the binary mixture evaporation leads to 
the smaller thermocapillary stresses and consequently such decreased thermocapillary 
stresses give rise to enhancement of stability in thin film evaporation. 
Figure 3.23 shows the comparison of surface tensions between the pure pentane 
and the mixture of pentane and decane at the same superheat of 0.3 K. The figure 
definitely demonstrates a different distribution of surface tension for two cases. For pure 
pentane, the surface tension increases with increasing x-axis due to the interfacial 
temperature distribution and thus the resulting surface shear acts toward the bulk 
meniscus region that causes the length of thin film to be shorter. It results from the 
thermocapillary stress due to the temperature gradient. On the other hand, for the binary 
mixture of pentane and decane, the surface tension decreases with increasing axial 
coordinate and thus the effective surface shear acts toward the thin film region that 
causes the length of the thin film longer. It results from the combined effect of the 
thermocapillary stress and the distillation-driven capillary stress. Therefore, the 
distillation-driven capillary stress is larger than the thermocapillary stress and they are 
acting in opposite direction each other. The tendency of changes in film length for the 
pure pentane and the binary mixture was confirmed in Fig. 3.21. 
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3.5  Polarity Effect of Working Fluid  
3.5.1 Background 
The working fluid, which is usually used in a change of phase heat transport, is 
classified into polar and non-polar liquid by the polarity of the liquid. Pentane, decane, 
heptane, carbon tetrachloride belong to the non-polar liquid group, and water, ammonia, 
acetone, ethanol, and methanol are in the polar liquid group. Most of the liquids that 
have been used in the study of liquid-vapor phase change transport have been non-polar 
liquids since the mathematical formulation of non-polar liquid is simple compared to 
that of polar liquid. For non-polar liquid, the primary cause of the disjoining pressure is 
London dispersion forces resulting from the interaction of the positive nucleus of one 
molecule with the electrons of another molecule. The dispersion forces are the weakest 
of the van der Waals forces. Therefore, the intermolecular forces for non-polar 
molecules are weak for restraining the liquid molecules from evaporation and thus the 
evaporation rates are large. However, dispersion forces provide the most important 
contribution to the total van der Waals force between atoms and molecules because they 
are always present in non-polar and polar molecules as well. On the other hand, for polar 
liquids other interaction forces, such as dipole-dipole interactions are present. The 
positive charge of one molecule attracts the negative charge of another molecule (Logan, 
1997). For a water molecule, negative charges around oxygen molecules attract the 
positively charged hydrogen molecule, which leads to strong dipole moment (Carpi, 
1998). These forces are stronger and longer ranged than dispersion forces. Since polar 
fluid molecules yield much stronger intermolecular forces with a solid substrate, the 
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evaporation rate of polar liquid tends to be lower relative to non-polar liquid 
(Israelachvili, 1992). Most research of evaporating thin films has considered only non-
polar liquids.  
Recently, Qu and Ma (2002) studied the polarity effects of different working 
fluids on the evaporative heat transfer characteristics from a meniscus in a capillary tube. 
They noted that the disjoining pressure had strong effects on liquid film thickness 
profiles and the effects were more dominant in strongly polar working fluid such as 
water. They found that the strong disjoining pressure in a polar liquid leads to elongation 
of the evaporating interfacial region relative to that of non-polar liquids such as carbon 
tetrachloride and benzene. Their study, however, did not include the thermocapillary 
effect though nonisothermal interfacial conditions were incorporated.  
Although extensive research of evaporating non-polar thin films has been 
performed due to the simplicity of modeling van der Waals intermolecular forces, a 
complete understanding has not been achieved yet. In this section, based on the study of 
Qu and Ma (2002), a mathematical model is developed to examine the effect of polar 
interactions between fluid and substrate by considering water as the working fluid. In 
this model a virtual non-polar model of water is imposed for the comparison of the 
polarity effect and the results are compared with those with a practical polar model to 
exclusively examine the polarity effect. The model developed in a cylindrical coordinate 
system also incorporates thermocapillary stresses due to nonisothermal interfacial 
conditions. 
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3.5.2 Mathematical Model of Polarity Effect 
A mathematical model of an evaporating liquid thin film in steady state is 
considered for circular pore geometry as is illustrated in Fig. 3.24. The liquid is assumed 
to be heated by a uniform heat flux from a solid substrate causing evaporation from the 
liquid-vapor interface. It is assumed that the evaporative flow from the thin film is 
sustained by constant liquid inflow from the bulk meniscus controlled by gradients in 
capillary and disjoining pressure. The origin is set at the junction of the non-evaporating 
adsorbed film region and the evaporating transition region.  
The mean curvature for circular pores is expressed as the sum of the 
circumferential curvature and axial curvature, which are represented in terms of the first 
and second derivative of the film thickness with the distance along the substrate:  
( ) ( ) 5.125.02 111 −− +++



−= xxxxo
hhh
hR
K   (3.82) 
The subscript x indicates the derivative with respect to x and Ro is the radius of the 
circular pore. 
The disjoining pressure form for polar liquid is utilized so as to ascertain the role 
of polar forces on the thin film thermo-fluid characteristics. For a polar liquid like water 
the disjoining pressure has been characterized for a two dimensional extended meniscus 
(Potash and Wayner, 1972) by the equation, 
( )0,,ln ivivigl PPTRρ−=Π     (3.83) 
where lρ  is the density of the liquid phase, gR  is the gas constant, iT  is the liquid-vapor 
interface temperature, ivP ,  is the reduced saturation pressure of the film, and 
0
,ivP  is the  
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Fig. 3.24. Schematic of liquid-vapor interface forming within a cylindrical capillary 
pore with uniform wall temperature. 
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saturation pressure corresponding to iT . Combining the experimental work of Derjaguin 
and Zorin (1957) with Eq. (3.83), Holm and Goplen (1979) developed the expression of 
the disjoining pressure as a logarithmic function of film thickness in the following form, 
( )βαρ )(ln xhTR igl−=Π     (3.84) 
For pure water on the quartz glass, the constants are given as α = 1.49, β = 0.0243 
(Holm and Goplen, 1979). The disjoining pressure for polar liquid is incorporated into 
augmented Laplace-Young equation (Eq. (3.1)) and evaporative mass flux equation.  
The disjoining pressure for non-polar liquid is given in Eq. (3.5), 
3h
A=Π       (3.85) 
where A is the dispersion constant equal to 3.11×10-21 Joules for water (Wayner et al., 
1976).  
The fluid dynamics can be modeled with the lubrication approximation yielding 
in cylindrical coordinate: 
dx
dP
r
ur
rr
l
lµ
11 =


∂
∂
∂
∂      (3.86) 
The solution to the above differential equation is subject to the following boundary 
conditions at the solid wall and liquid-vapor interface respectively, 
at oRr = , 0=u      (3.87) 
at hRr o −= , dx
d
r
u σµ =∂
∂−     (3.88) 
The liquid velocity profile can now be determined by solving the axial momentum 
equation, Eq. (3.86), subject to the specified boundary conditions, 
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Using the velocity profile given by equation (3.89), the mass flow rate across a cross 
sectional area of the film thickness h is obtained as follows: 
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l πµρ 2ln4
1
21
2∫ − 
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After integration, the following expression is derived: 
dx
dC
dx
dPC l σ76 +=Γ        (3.93) 
where ( )[ ] ( ){ } ( ) 3252446 248 ChhRChRhRRC oloool −+−−−−= πρνπ , (3.94) 
( ) ( ) 4257 2 ChhRChRC olo
l
−+−−= πρν
π     (3.95) 
The coefficients C3, C4, and C5 are defined as follows: 
( ) 

 −−= 223 2
1ln
2
1 RRhRC oo
lµ ,     (3.96) 
( ) oo
l
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2
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2
1ln 225 hRhRRRC oooo .   (3.98) 
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These coefficients are related to the radius, Ro, film thickness, h, and  µl and ρl. The 
evaporative mass flux is expressed in simplified form from Eq. (3.16), 
( ) ( )vlvievp PPbTTam −+−=&     (3.99) 
 
The coefficients, a and b, are dependent on the physical properties of the liquid and 
defined as follows: 
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A simplified energy equation for temperature profile is given in cylindrical coordinates, 
0=

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r
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r l
     (3.101) 
Two boundary conditions are necessary at wall and liquid-vapor interface for obtaining 
the temperature distribution,     
   at wo TTRr == ,      (3.102) 
   at fgevp
hRr
lo hmdr
dTkhRr
o
&=−=
−=
,     (3.103) 
 
These correspond to a specified wall temperature and a balance between conduction and 
evaporation heat transfer at the liquid-vapor interface, respectively. Solution of the 
energy equation, Eq. (3.101), subject to these boundary conditions gives the temperature 
variation along the interface, 
( ) wevp
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

−−−= &ln    (3.104) 
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The evaporation mass flux given by Eq. (3.99) is substituted into Eq. (3.104) and using 
the definitions for the disjoining pressure and capillary force to relate Pv in Eq. (3.99) to 
Pl, the final expression for the interfacial temperature results in 
 ( )βαρ σ hRbaFk KbaTFkTT gll vlwi ln1 1++
++=    (3.105) 
where  ( ) 
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R
hhRF
o
o
fgo ln1     (3.106) 
Integrating the evaporative mass flux from the adsorbed film to an arbitrary x- location, 
the mass flow rate can be related to the interfacial temperature and film thickness as 
shown, 
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This expression for ( )xΓ  provides closure to Eq. (3.93). The R.H.S. of Eq. (3.93) must 
be equal to this expression for ( )xΓ . In Eq. (3.93) the liquid pressure gradient can be 
obtained by differentiation of the augmented Lapalce-Young equation, Eq. (3.2), in 
terms of x, 
 
dx
d
dx
dK
dx
dK
dx
dPl Π−−−= σσ     (3.108) 
The third order nonlinear differential equation for the film thickness profile can 
be obtained by substituting the expression for curvature (Eq. (3.82)) into Eq. (3.108) and 
rearranging:  
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The liquid pressure gradient in terms of x is achieved by equating Eqs. (3.93) and 
(3.107), 
 ( )[ ]dxhRR
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fg
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In equation (3.109), the conservation of mass equation combined with the 
interfacial normal stress balance within the film reduced to a differential equation for the 
thin film thickness profile along the horizontal solid wall. In this equation, all of the 
related physical properties such as temperature, pressure, flow velocities and evaporative 
mass flux are represented in terms of the liquid film thickness, h, and its derivatives. The 
influence of polar solid-liquid intermolecular forces is imbedded in the disjoining 
pressure term in Eq. (3.109). 
Due to the complexity of the model of disjoining pressure for polar liquid, the 
differential equation is difficult to be scaled in non-dimensional form as stated in 
previous sections. The ordinary differential Eq. (3.109) is directly solved using 6th order 
Runge-Kutta-Fehlberg method with three initial conditions at x = 0. In order to avoid 
trivial solutions as explained previously, a small perturbation is applied to the thickness 
and the slope. The solution of Eq. (3.109) is extremely sensitive to the specification of 
the initial condition for the first derivative of thickness especially as the superheat 
increases. An iterative technique is employed to guess the slope at x = 0 such that the 
solution converges to the appropriate curvature in the bulk meniscus region. 
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3.5.3 Results and Discussion 
The working fluid is chosen as water for investigation of polarity effect in a 
cylindrical capillary pore of 20 µm diameter as presented in Fig. 3.24.  
Figure 3.25 shows the change in the thin film profile for polar and non-polar 
liquids for the same superheat condition of 0.1 K. The length of the thin film or 
transition region, Ltr, is defined as the distance from the adsorbed region to the junction 
where the value of disjoining pressure is equal to that of capillary pressure. The length of 
transition region is calculated to 286 nm for polar liquid of water and to 96 nm for the 
case of non-polar liquid of water with its polarity bluntly neglected. The higher 
disjoining pressures of polar liquid tend to extend the junction of pressure equality 
toward the bulk region, which in turn results in the remarkable increase in Ltr. Also, the 
stronger attractive forces between the polar liquid and the solid substrate substantially 
increase the thin film thicknesses for the same superheat level. The elongation of the thin 
film region was similarly observed at high dispersion numbers, defined as the ratio of 
disjoining pressure to surface tension force, by Swanson and Herdt (1992). Qu and Ma 
(2002) compared the meniscus profiles of water with those of other non-polar liquids, 
such as carbon tetrachloride and benzene, and also showed that the transition region of a 
polar liquid is much longer than that of a non-polar liquid under the same superheat 
condition. 
Figure 3.26 represents the comparison of disjoining pressure profiles for polar 
water (solid lines) and non-polar water (dashed lines) for the same superheat condition 
of 0.1 K. It is shown that the transition film length where the disjoining pressure is 
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significant is longer for the polar case due to its slower decrease of disjoining pressure, 
while the maximum value of the disjoining pressure remains the same for polar and non-
polar water. The disjoining pressure of non-polar liquid gradually goes to zero based on 
Eq. (3.85), but that of polar liquid rather sharply drops to zero, reflecting the limitation 
of the disjoining pressure model for a polar liquid represented by Eq. (3.84). This 
deficiency later creates abrupt changes in the profiles of other physical parameters.  
Figure 3.27 shows that the evaporative mass flux of non-polar liquid is larger 
than that of polar liquid. The discontinuity shown in the evaporative mass flux 
distribution for a polar liquid is attributed to the aforementioned deficiency of the model 
used to describe the disjoining pressure for polar liquids. The average evaporative mass 
flux per unit axial length of the thin film region, for a unit width of 1-m, is calculated to 
0.155 kg/(m·sec) for a non-polar liquid and 0.027 kg/(m·sec) for a polar liquid. The 
associated evaporative heat transport rate in the transition region is 35 W/cm2 for a non-
polar and 6 W/cm2 for a polar liquid. As stated previously, the strong intermolecular 
forces retard the evaporation of liquid molecules from liquid-vapor interface in polar 
liquid. Due to this reason the evaporative mass flux is smaller for a polar liquid than that 
of a non-polar liquid under an identical level of superheating.  
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Fig. 3.25. Comparison of the thin film profiles of non-polar water and polar water 
for the same superheat condition of ∆T = 0.1 K. 
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Fig. 3.26. Comparison of the disjoining pressure of non-polar water and polar 
water for the same superheat condition of ∆T = 0.1 K. 
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Fig. 3.27. Comparison of the evaporative mass flux of non-polar water and polar 
water for the same superheat condition of ∆T = 0.1 K. 
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CHAPTER IV 
EXPERIMENTS 
 
4.1 Introduction 
Recently a number of measurements techniques have been developed and 
extensively studied for increasing the resolution of measurements using advanced 
techniques in laser, optics, digital image processing and computer interface. Optical 
techniques using laser have provided many promises to the area of measurements. While 
various measurement techniques for velocity fields such as particle image velocimetry 
(PIV), particle tracking velocimetry (PTV), laser doppler velocimetry (LDV) have been 
relatively well developed, the techniques for temperature measurement are less 
developed. Currently the application of non-intrusive temperature measurement 
techniques is limited even though temperature is one of primary physical variables and 
the temperature distribution is also of critical importance in heat transfer researches. 
Most common means for temperature measurement is the use of thermocouple probe for 
a wide range of heat transfer application, but they have relatively large spatial resolution 
and are physically intrusive in the flow field. Other common technique for temperature 
measurement is based on thermo-chromic liquid crystals (TLC), but the spatial 
resolution of TLC is not enough for the application of thermometry in microscale 
temperature measurement. Instead of TLC, in order to bypass such difficulties of 
conventional methods in laser optical technique has been developed for temperature 
measurement of microscale area (Sakakibara and Adrian, 1999; Kim et al, 2003). 
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In general, the fluorescence intensity is proportional to the exciting light intensity 
and the concentration of the fluorescent dye. For some fluorescent dye like Rhodamine 
B, the fluorescence intensity depends on the temperature. This characteristic can be used 
to measure the temperature field of the flow containing the fluorescent dye if both the 
concentration and the exciting light intensity can be kept constant. The relative accuracy 
of this method is higher than that of the TLC method because it allows a wider range of 
variation of the temperature. However, the exciting light intensity may vary due to 
several effects such as laser beam divergence, scattering by small particles in the beam 
path, and refraction of the light passing through the thermal field itself. This may give 
rise to significant error in the optical measurement using single fluorescent dye. In order 
to overcome this problem, a new technique recently has been proposed to employ two 
fluorescent dyes whose emission intensities depend differently upon temperature. The 
ratio between the two fluorescence intensities is nearly independent of the incident light 
intensity (Sakakibara and Adrian, 1999). 
Ratiometric laser induced fluorescence (LIF) thermometry using two 
fluorescence dyes, one with strong temperature dependence (Rhodamine-B, 2.3% K-1) 
and the other with little temperature dependence (Rhodamine-110, 0.13% K-1), have 
been developed for temperature measurement (Sakakibara and Adrian, 1999). The 
ratiometric LIF thermometry can provide a microscale spatial resolution without any 
background noise and laser light variation associated with convectional LIF technique.  
In this chapter, using these advantages of ratiometric LIF thermometry, the temperature 
measurement of a heated meniscus is investigated. 
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4.2 Principle of LIF Technique  
4.2.1 Fundamentals of Fluorescence 
Fluorescence is the property of certain molecules that is excited by incident light 
at a particular wavelength to a stimulated absorption state at a higher quantum energy 
level, and after a very short interval, termed the fluorescence lifetime, re-emits light at 
longer wavelengths, which are illustrated by the simple electronic-state diagram, called 
Jablonski diagram shown in Fig. 4.1. The process has three stages: excitation, quenching 
and emission. Fluorescent dye (or called fluorophore) adsorbs photon energy from 
external light source such as an incandescent lamp or a laser and the energy of a photon 
of the excitation light is given, 
EX
o
EXEX
c
hhE λν ==      (4.1) 
where h  is Planck’s constant (6.62618 × 10-34 J·sec), oc is light velocity, EXν  is 
frequency of the excitation light and EXλ  is wavelength of the excitation light. The 
absorption of energy causes the fluorescent dye excited from ground state (G) to first 
excited state (S1), which is excitation or absorption process. At the excited state, due to 
energy dissipation during the excited-state lifetime (typically 1-10 nano seconds), the 
energy of this photon is lower to second energy level (S2) by quenching effect. The 
quenching is resulting from energy loss during the interaction with environment, which 
is usually caused by thermal dissipation. Finally fluorescent dye emits the light of a 
photon of energy ( EMhν ) and returns back to the initial ground energy level (G). The 
energy of a photon of the emission light is given, 
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EM
o
EMEM
c
hhE λν ==     (4.2) 
where EMν  is frequency of the emission light and EMλ  is wavelength of the emission 
light. Physically the emission of a photon is referred to as fluorescence. The emission 
light can be detected by a CCD camera. Fluorescent lamp has the same operating 
principle. As a result of energy loss resulting from quenching effect, excitation photon 
energy ( EXhν ) is larger than emission photon energy ( EMhν ). The difference in energy 
representing by )( EMEX hh νν −  is called ‘Stokes shift’, which is referred to the fact that 
emission is generally shifted to longer wavelengths than the absorption because emission 
occurs from lower energy states. Stokes shift is a fundamental feature of fluorescence to 
allow one to separate the emission light from the excitation light optically, and the 
feature has been used for various optical measurement techniques (Haugland, 2002) such 
as laser induced fluorescence (LIF) thermometry and microscale particle image 
velocimetry (micro-PIV). 
Fluorescence intensity emitted per unit volume at a specific point is defined as, 
QcIF ][0ε=      (4.3) 
where F( 3mW ) is the measured fluorescence intensity for a fluorescent dye with molar 
absorptivity of ε ( kgm2 ) at a point in the incident light with intensity 0I ( 2mW ), with 
concentration of the fluorescent dye solution [c] ( 3mkg ). In most organic dyes, the 
quantum efficiency is known to be temperature dependent. The fluorescence quantum 
efficiency or quantum yield Q  is a measure of the emission efficiency of the fluorescent
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Fig. 4.1. Jablonski diagram describing excitation and emission of a photon. 
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dye and is expressed as the ratio of the number of photons emitted to the number of 
photons absorbed, 
absorbedphotons
emittedphotonsQ =     (4.4) 
The value of quantum efficiency ranges from 0 to 1 due to the energy loss (Herman, 
1998). 
As explained above, the exciting light intensity 0I  is influenced by various effects 
including convergence and divergence of the light sheet and refraction of the light 
passing through the thermal field. In addition to the spatial non-uniformity, the laser 
light is likely to be inhomogeneous temporally as well. In order to avoid these problem, 
it has been developed to measure the local, instantaneous intensity of the illuminating 
light at the same time. This can be done using additional fluorescent dye with a quantum 
efficiency that is not sensitive to temperature and thus it can be possible by using a 
mixture of two fluorescent dyes whose quantum efficiencies differ. In addition, the two 
dyes should have different emission spectra so that the two emitted lights can be 
separated by optical means. For the reason, a mixture of Rhodamine-B and Rhodamine-
110 is used in this work. As a result, the ratiometric LIF technique can be a good 
alternative to temperature measurement without any troubles usually encountered in 
conventional LIF technique using single fluorescent dye. When the temperature 
dependency of quantum efficiencies of the two fluorescent dyes differs significantly, the 
ratiometric LIF technique will provide a good sensitivity to temperature (Sakakibara and 
Adrian, 1999). 
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For the case of a laser beam of light passing through a homogeneous fluorescent 
solution containing Rhodamine-B (Rh-B) and Rhodamine-110 (Rh-110), the intensity 
ratio of the two fluorescence emissions can be expressed as 
1101101101100
0
110 ][
][
RhRhRhRh
RhBRhBRhBRhB
Rh
RhB
QcI
QcI
F
F
ε
ε=     (4.5) 
where molar absorptivity is ε is nearly independent of temperature. It was noted that the 
temperature dependence of the absorption coefficient is less than 0.05 % K-1 for both 
fluorescence dyes (Sakakibara and Adrian, 1999). The ratio of the absorption spectral 
intensity, 11000 RhRhB II , is invariant when a single illumination source is used for both 
dyes. In addition, it the constant concentration ratio, 110][][ RhRhB cc , is maintained, the 
fluorescence intensity ratio, 110RhRhB FF , is solely dependent on the quantum efficiency 
ratio of the two dyes, 110RhRhB QQ . Therefore, Eq. (4.5) indicates that the fluorescence 
intensity ratio is dependent on temperature since the quantum efficiency is dependent on 
temperature, not illuminating light intensity while keeping the concentration of dye. 
 
4.2.2 Spectral Characteristics of Rh-B and Rh-110 
In this experiment, two fluorescent dyes having different spectral characteristics 
are used. Rhodamine-B (J. T. Baker, Inc.) is used for temperature sensitive dye because 
its temperature sensitivity as large as 2.3% K-1 and its absorption spectrum covers the 
range of 470-600 nm, which makes the dyes excited easily by conventional visible lasers 
such as Argon-ion laser. Rhodamine-110 (Molecular Probes, Inc.) is used for non-
temperature sensitive dye since its temperature dependence is much smaller (0.13% K-1) 
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and it has an absorption spectrum similar to Rh-B but a different emission band. Figure 
4.2 shows the spectra of absorption and emission of Rh-B and Rh-110. Since the 
overlapping region of each absorption spectrum ranges from 480 to 530 nm as shown in 
the figure, the exciting light wavelength should be in this range to excite both fluorescent 
dyes simultaneously. For this reason 488 nm line of Argon-ion laser was chosen as the 
exciting light wavelength in this work. It should be also noted that the emission spectrum 
is shifted from absorption spectrum by Stokes shift, which allows the emission spectrum 
to be separated from the absorption spectrum by means of optical filtering using two 
color filters for two dyes. Table 4.1 summarizes the spectral characteristics of Rh-B and 
Rh-110. 
 
 
Table 4.1  
Spectral characteristics of Rh-B and Rh-110 (Solvent: de-ionized water, T=20˚C) 
(Sakakibara and Adrian, 1999) 
 
Dye Absorption peak[nm] 
Emission 
peak[nm] 
Temperature 
sensitivity 
Quantum 
efficiency 
Rh-B 554 575 2.3% K-1 0.31 
Rh-110 496 520 0.13% K-1 0.8 
 
 
4.3 Calibration Experiment 
4.3.1 Experimental Setup 
To measure a temperature field of water solution using ratiometric laser induced 
fluorescence technique, the correlation between fluorescence intensity and temperature 
should be determined in calibration experiment before actual application of the 
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Fig. 4.2. Absorption and emission spectra of Rhodamine-110 and Rhodamine-B. 
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measurement. The schematic layout of the experimental setup employed in this 
experiment is shown in Fig. 4.3. The main objects in this set up are an Argon-ion laser 
(20 mW), a convex lens and a cylindrical lens, CCD camera (SONY XC75), color filters 
(Edmond Industrial Optics) and test section. The test section is comprised of a glass 
cuvette (Cole Parmer Co.) containing the mixture of Rh-B (1 mg/liter) and Rh-110 (0.17 
mg/liter). The dye solution of the current system was diluted relative to that of Kim 
(2001) and Lee (2003) so that a reabsorption problem associated with total internal 
reflection of laser light in curved liquid-vapor interface could be bypassed. The glass 
cuvette is 10 mm in width and 35 mm in length. The glass cuvette is held by copper 
blocks soldered onto copper pipes which are connected to water hoses from two thermo-
baths that circulate water at different temperature to obtain intended thermal field inside 
the glass cuvette. The convex lens and the rod lens (Edmond Industrial Optics) are used 
to expand the light of a laser beam with a wavelength of 488 nm emitted from the 
Argon-ion laser to a laser sheet with a thickness of approximately 0.5 mm that covers the 
whole thermal field of interest. The emission lights of Rh-B and Rh-110 are optically 
separated by the use of the two color filters: a longpass filter ( nm560>λ ) and a 
bandpass filter ( nmnm 515505 << λ ). Figure 4.4 describes the incident light and 
optical filtering in the spectral diagram. The 488 nm line of Argon-ion laser excites two 
dyes at the same time. At the spectral line two dyes are excited by different amount of 
intensity due to the different spectral characteristics of fluorescent dyes. Thus, the 
optimum of the concentration ratio should be determined to maximize the accuracy of 
temperature measurement at the given spectral line of the exciting light. The 
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concentration ratio, 110][][ RhRhB cc ≈ 6 was chosen for the present system (Kim, 2001). 
The spectra of emission and absorption of Rh-B and Rh-110 are overlapping each other. 
To minimize the signal errors resulting from the overlapping spectra the emission light 
should be separated effectively using proper filters. The bandpass filter is used to 
separate the emission light of Rh-110 from 505 nm to 515 nm. The longpass filter is 
selected to separate the emission light of Rh-B for longer wavelength than 560 nm. Each 
emission light of Rh-B and Rh-110 is imaged through the filters by the CCD camera 
while alternating the filters. The video images from the CCD camera were digitized by a 
frame grabber (Aymetrix Corp.) and transferred to the memory of a PC at 30 frames per 
second and then the bitmap images of Rh-B and Rh-110 are transferred to digital data of 
successive grey level ranging from 0 to 255 by converting software. The average of 
intensities of successive 30 frames is used for obtaining the intensity ratio between Rh-
110 and Rh-B. The intensity of 0 represents perfect black and 255 is perfect white.  
Calibration curve is obtained in the temperature range of 14 ˚C to 40 ˚C. The test 
channel of a glass cuvette is placed between copper blocks which are soldered onto 
copper pipes that are connected to water hoses from two thermo-baths as illustrated in 
Fig. 4.5. The copper block and copper pipe are bonded by thermal glue to increase 
thermal conductivity. The thermo-baths are controlled to obtain uniform temperature of 
the solution in the glass cuvette containing fluorescent dyes and the temperatures are 
monitored by thermocouples embedded in the space between the copper block and a 
digital multimeter to ensure intended uniform temperature. It is assumed that the 
convective heat transfer with environment is negligibly small. To make this assumption 
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Fig. 4.4. Incident laser light (488 nm) and optical filtering using bandpass filter for 
emission light of Rh-110 and longpass filter for emission light of Rh-B. 
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Fig. 4.5. Schematic of the test channel of a glass cuvette hold between copper blocks 
connected to copper pipes. 
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reasonable, the midst section of the thermal field is illuminated. This test section is also 
used to validate obtained calibration curve by making a thermally stratified field, which 
is established by circulating hot water at top surface and cooled water at bottom surface 
of the glass cuvette. 
 
4.3.2 Calibration Results 
 The correlation of fluorescence intensity ratio and temperature are obtained in the 
calibration experiment. The calibration curve is used to measure temperature field 
indirectly. The raw images of Rh-B and Rh-110 are shown in Fig. 4.6 for four different 
temperatures. The column (c) indicates the ratiometric images. The interrogation widow 
dimension is 320 pixels in width by 240 pixels in height and the corresponding field-of-
view is 4 mm by 3 mm. The emission intensities of Rh-B decrease with increasing 
temperature. The brightness of the images decreases as temperature increase, but it is not 
clear in this figure due to low concentration of the solution. On the other hand, the 
emission intensities of Rh-110 are nearly invariant. Such tendency of intensity versus 
temperature is confirmed by intensity values represented on the images which indicates 
the averaged intensity that was calculated from 30 successive images captured for 1 
second. The Rh-B images clearly show the temperature dependence of the intensity. The 
ratiometric images in column (c) indicates more clear image relatively since the 
background intensity variations are canceled out by normalizing the Rh-B images with 
the corresponding Rh-110 images. In general such background intensity variations result 
from the laser light non-uniformity usually caused by the non-uniform laser beam 
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Fig. 4.6. Temperature dependency of fluorescence images of Rh-B (column a), Rh-
110 (column b) and the ratiometric images (column c). 
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characteristics, imperfect lens characteristics, varying refractive index due to thermal 
variation and suspending impurities in the circulating water. As a result, the resulting 
ratiometric images show highly homogeneous decrease with increasing temperature and 
the intensity ratio also indicates linear decrease with temperature which is confirmed in 
Fig. 4.8. The same trend was more clearly observed in the experiments by Kim (2001) 
and Lee (2003) because the concentration of the solution was 6 times denser than that in 
a current dye solution.  
 Figure 4.7 indicates the intensity variation of Rh-B and Rh-110 with temperature. 
As explained previously, it is clearly shown that the intensities of Rh-B decrease with 
increasing temperature while the intensities of Rh-110 are nearly invariant. The vertical 
bars indicate the standard deviation with 95 % confidential level. Figure 4.8 indicates the 
calibration curve and vertical bars express standard deviation with 95 % confidential 
level. It is necessary to ensure the repeatability of the calibration curve, so the intensity 
ratios were obtained several times at the same temperatures and then the values were 
averaged. The experimentally obtained data are fitted to various polynomial of order in a 
least-square sense to achieve a best fitting. The polynomial of best fitting is chosen for 
the temperature measurement. In this work, 3rd order polynomial is employed as the best 
fitting. It should be noted that the intensity variations in Figs. 4.7 and 4.8 are based on 
the smallest spatial resolution of a single pixel that is equivalent to a spatial resolution of 
12.5 µm × 12.5 µm. Table 4.2 is presented to examine the spatial resolution dependency 
of the calibration uncertainties of the current system for ratiometric LIF technique. It 
shows a statistical analysis of calibration data for the interrogation window size from a  
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Fig. 4.7 Variation of the fluorescence intensities for Rh-B and Rh-110 against 
temperature ranging from 14 ˚C to 40 ˚C. 
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Fig. 4.8 Variation of the fluorescence intensity ratios for Rh-B and Rh-110 against 
temperature ranging from 14 ˚C to 40 ˚C. 
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Table 4.2  
Spatial resolution dependency of calibration curve uncertainty 
 
Interrogation window 
dimension (pixels) 
Spatial resolution 
(µm) 
Intensity ratio 
deviation 
Temperature 
deviation (˚C) 
1 × 1 12.5 × 12.5 ±0.0176 ±3.36 
4 × 4 50 × 50 ±0.0121 ±2.26 
8 × 8 100 × 100 ±0.0105 ±1.94 
64 × 48 800 × 600 ±0.0101 ±1.64 
160 × 120 2000 × 1500 ±0.0043 ±0.71 
160 × 240 2000 × 3000 ±0.0027 ±0.37 
320 × 240 4000 × 3000 ±0.0000 ±0.00 
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single pixel to the whole filed-of-view. Standard deviation of the intensity ratio is 
calculated for each calibration temperature with 95 % confidential level for a given 
interrogation window. The temperature deviation decreases as interrogation window 
dimension increases and ultimately the temperature deviation diminishes to zero when 
the whole field-of-view is considered as a single interrogation window. 
 
4.3.3 Temperature Measurement of Thermally Stratified Fields 
For validation of the calibration curve obtained in the calibration experiment, 
temperature measurements of thermally stratified fields are conducted. The experimental 
setup is the same as that of the calibration experiment as shown in Fig. 4.3. The test 
section also is equivalent to the glass cuvette placed between copper blocks used in the 
calibration experiment as illustrated in Fig. 4.5. However, in this experiment the solution 
in the glass cuvette is intentionally made to have thermally stratified fields by circulating 
water from two thermo-baths maintained at different temperatures. The top surface is 
remained to be heated and the bottom surface is sustained to be cooled. For nearly steady 
state, thermally stratified fields are obtained and linear temperature profiles are expected 
since there are no buoyancy driven convection flows due to temperature gradients in 
such thermal conditions.  
Fig. 4.9 (a) and (b) show temperature contours of thermally stratified fields for 
two different temperature conditions. The steady state thermal fields were obtained 
about 30 minutes after setting the temperatures of thermo-baths. The temperatures were 
monitored continuously before and after nearly steady state temperature field obtained. 
 136
 
 
 
(a) Case 1: Ttop=29˚C, Tbottom=18˚C 
 
 
 
 
(b) Case 2: Ttop=32˚C, Tbottom=23˚C 
 
Fig. 4.9. Temperature contours of thermally stratified fields for 10 mm channel. 
10 mm 
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(a) Case 1: Ttop=29˚C, Tbottom=18˚C 
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(b) Case 2: Ttop=32˚C, Tbottom=23˚C 
 
 
Fig. 4.10. Comparison of measured results and linear predictions of thermally 
stratified fields for 10 mm channel.  
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The temperature information was achieved by converting the measured intensity 
ratios into temperature values at each pixel position using the calibration curve. Fig. 4.9 
(a) and (b) show the temperature contours for temperature difference of 11˚C and 9˚C, 
respectively, between top and bottom surfaces. Fig. 4.10 (a) and (b) show the 
comparison of temperature profile between measured data and linear predictions for the 
two thermal conditions. The temperature profiles measured show good agreements with 
ideal profiles of linear prediction. The measured data were obtained by averaging 
temperatures in interrogation window size of 16 by 16 pixels. In the case (a), the  
temperature measurement error based on root mean square (RMS) is 0.91 ˚C and in the 
case (b), the error is 0.67 ˚C. 
 
4.4 Temperature Measurement of a Heated Glass Channel 
4.4.1 Test Cell  
Temperature measurement is performed using the test apparatus as schematically 
illustrated in Fig. 4.11. The test field is a glass channel (1 mm by 1 mm square cross 
sectional shape, VitroCom Inc.) containing the fluorescent solution. An aluminum foil 
heater with 0.1 mm in thickness is attached to the glass channel. The heater is located at 
3 mm away from the meniscus forming in the glass channel. The Teflon tube is 
connected to the glass channel so that the location of the meniscus can be controlled by 
injecting or removing the solution with a syringe. The Teflon tube is circular shape with 
2 mm in diameter. Other equipments such as optics, laser and CCD are equivalent to the 
setup used in the calibration experiment in Fig. 4.3.  
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Fig. 4.11. Schematic of test section of capillary tube and the cross sectional view of 
the glass channel. 
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4.4.2 Results and Discussion 
The temperature fields of three different thermal conditions are measured in this 
experiment. The temperature from heater can be controlled to be sustained at three 
different conditions by setting current and voltage from a power supply. The thermal 
conditions are summarized in Table 4.3. 
 
Table 4.3 
Three thermal conditions for the experiment of heated capillary tube 
 Heater Temperature Room Temperature Input Heat Flow 
Case 1  32 ˚C  21 ˚C 0.27 W 
Case 2  38 ˚C  21 ˚C 0.43W 
Case 3  44 ˚C  21 ˚C 0.62W 
 
 
The room temperature is 21 ˚C, so the region inside the Teflon tube far away from the 
heated portion is expected to be maintained at the room temperature. The input heat flow 
was calculated by the production of voltage and current applied. Figure 4.12 shows raw 
images of Rh-B and Rh-110 for Case 1. The original field of view is 480 pixels (width) 
by 640 pixels (height) equivalent to 6 mm by 8 mm. Herein, however, the images are 
cropped to get the image around the channel as shown in Fig. 4.12. The field of view is 
3.1 mm by 6.6 mm. The bright light reflected from the meniscus is shown that cause the 
error in temperature measurement. The laser light reflection from the meniscus induces 
the bias error of temperature measurement associated with reabsorption problem that 
was identified in the experiment of Lee (2003). The temperature measured around the
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      (a)        (b) 
Fig . 4.12. Raw images of (a) Rh-B and (b) Rh-110 for thermal condition case 1. 
1mm 1mm 
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    (a) Case 1           (b) Case 2  (c) Case 3 
 
Fig. 4.13. Temperature profiles for different thermal conditions: (a) Ra = 277.2, (b) 
Ra = 352.8, (c) Ra = 403.2 
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meniscus region may have significant error. Thus, the temperature fields away from the 
meniscus without reabsorption problem will be concentrated and discussed. Figure 4.13 
shows the temperature profiles developed from the calibration curve using intensity 
ratios measured in the experiment. Rayleigh numbers are calculated for three thermal 
conditions. Rayleigh number is defined as, 
t
t TdgRa να
β 3∆=     (4.6) 
where g is the gravitational acceleration, tβ  is the thermal expansion coefficient, T∆  is 
the temperature differential, d is the characteristics length, ν  is the kinematic viscosity, 
and tα  is the thermal diffusivity. Rayleigh number is the indicator to determine the onset 
of convective flow at the critical value. For the configuration with a fixed top surface, 
convection occurs when Ra is larger than 1700 and for the top surface free, the critical 
Ra is about 1100. As indicated in Fig. 4.13, Rayleigh numbers are less than 1100 for 
three thermal cases and thus there could be no convection inside the channel. However, 
liquid flow driven by thermocapillary stresses would be made in tiny area around the 
meniscus. As explained in analytical part, the thermocapillary stresses are induced due to 
the temperature gradient along the liquid-vapor interface of the heated meniscus.  
The temperature profiles in Fig. 4.13 clearly demonstrate that the high 
temperature region at top expands downward the low temperature region at bottom as 
the heater temperature increases. However, the temperature profiles near the meniscus 
region would be not correct. The region can be explained by the reabsorption due to the 
reflected light from the meniscus surface.  There is total reflection of laser light from 
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meniscus surface at larger than critical incident angle. The fluorescent dyes are excited 
by original laser light and in addition the they are excited by the total reflected light once 
more, which induce the reabsorption problem and then it induce the abnormal 
temperature measurement in the meniscus region. Such bias was also observed in the 
experiment of Lee (2003).  
 Figure 4.14 shows the temperature distribution measured along the channel 
centerline for three thermal conditions. The channel height indicates the distance from 
the bottom line of the channel in Fig. 4.13. Each circle represents the measure 
temperature at each pixel. The fitting line was calculated by a least square fitting through 
every point. The fitting line clearly demonstrates that the hotter region expand 
downward the lower temperature region as the heater temperature increases. Under such 
temperature conditions, there would be nearly no convective flow inside the channel and 
thus pure conduction alone will transfer the heat downward through the solution. 
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Fig. 4.14. Temperature distribution along centerline of the glass channel. 
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Fig. 4.14. (Continue) 
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CHAPTER V 
SUMMARY AND CONCLUSIONS 
 
5.1 Summary 
The fluid flow and heat/mass transport phenomena within an evaporating 
extended meniscus, especially thin film region, were extensively studied based on the 
augmented Lapalce-Young equation, momentum equation, energy equation and mass 
conservation. The numerical model also incorporates the effect of thermocapillary 
stresses due to the surface tension gradient caused by the interfacial temperature gradient. 
Several specific effects such as slip boundary condition, polarity effect of working fluid 
and binary mixture evaporation were included to examine the heat and mass transport of 
the evaporating thin film. According to the scaling procedure, a 4th order, nonlinear, 
ordinary differential equation describing the non-dimensional film profile was developed 
for an evaporating extended meniscus and then the differential equation was solved by 
Gear’s method. Once the shape was obtained numerically, the other properties such as 
liquid pressure, interfacial temperature and evaporative mass flux could be obtained by 
utilizing the information of the profile since all other thermo-physical properties are 
related to the meniscus shape in the related equations.  
The thermocapillary effect was incorporated in the shear stress boundary 
condition of momentum equation to examine the effect under the non-isothermal 
interfacial thermal condition. The slip effect was also included in the wall boundary 
condition of momentum equation. The effect of binary mixture evaporation was 
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incorporated in the pressure gradient by considering the gradient in concentration of 
components. The polarity effect of water was included in disjoining pressure to examine 
the effect on the phase-change heat transfer by considering two different models of 
disjoining pressure for polar and non-polar liquids. 
The temperature measurement with a microscale spatial resolution was carried 
out using ratiometric laser induced fluorescence (LIF) thermometry. Rhodamine-B was 
employed for temperature sensitive dye and Rhodamine-110 was non-temperature 
sensitive dye. The ratio of fluorescent intensity of Rh-B and Rh-110 provided a 
correlation between temperature and intensity ratio without any bias errors usually 
encountered in conventional LIF technique. The calibration curve was validated in 
thermally stratified fields established inside a glass cuvette with known thermal 
conditions and then the calibration curve was utilized in temperature mapping of thermal 
fields formed in capillary tube with 1 mm by 1 mm square cross sectional shape. The 
feasibility and potential use of ratiometric LIF technique for the microscale temperature 
measurement were discussed. 
 
5.2 Conclusions 
It is of critical importance to understand the microscale heat and mass transport 
phenomena occurring in the evaporating thin film. The insights obtained in the 
numerical solutions presented in this work could effectively be used in the design of the 
phase-change heat transport devices to achieve enhanced heat transport performance and 
effective cooling schemes for modern microelectronic devices. 
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From the numerical studies on the evaporating thin film, the fundamental 
conclusions are summarized as follows: 
1. As a superheat increases, the thickness of the adsorbed film and the length of 
the transition film region decrease due to the combined effects of disjoining and 
capillary pressure to naturally re-supply the liquid into the evaporation region 
from the bulk meniscus region. At extreme case, the liquid flow cannot re-
supply enough liquid to the evaporation region and then this leads to the dry-out 
or capillary limit of the capillary phase-change devices. 
2. Thermocapillary stresses have detrimental effects on the thin film evaporation 
by degrading the wettability of working fluid. The thermocapillary stress is 
induced by the gradient in surface shear resulting from the interfacial 
temperature gradient. The effect influences the stability of thin film evaporation 
and becomes more severe with increasing superheat associated with heat flux 
applied.  
3. The evaporating extended meniscus was more spread out due to the slip effect 
and binary mixture evaporation since there is less flow resistance associated 
with slip effect at the solid wall. As a result of less flow drag, the slip effect 
enhanced the heat transport effectiveness. 
4. The binary mixture evaporation improved the wetting characteristics of 
working fluid by introducing distillation-driven capillary stresses, which 
counteract the detrimental effect of thermocapillary stresses. 
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5. The polarity effect of working fluid elongated the transition region; however, 
the polarity restrained liquid from evaporation by strong molecular interaction 
between liquid and solid molecules. 
 
Ratiometric LIF technique showed its potential use for microscale temperature 
measurement and its feasibility to be applied to the measurement in the evaporating thin 
film in the future. The well-established calibration data shows the estimated uncertainty 
was  ±3.36 ˚C with a 95 % confidential level for interrogation window size of 12.5 µm 
by 12.5 µm. For thermally stratified field inside a glass channel with width of 10 mm at 
temperature differential of 11 ˚C, the temperature measurement error was 0.81 ˚C for a 
spatial resolution of 200 µm by 200 µm. In the temperature measurement of a glass 
channel with 1 mm by 1 mm square cross section, the temperature profiles clearly 
demonstrated that the hotter region spread downward by pure conduction under different 
thermal conditions. The fitting line established by means of a least square fitting using 
pixel by pixel temperatures measured showed a good trend of heat transfer downward 
through the liquid inside the channel.  
 
5.3 Recommendations 
For better understanding of microscale fluid flow and heat/mass transport 
phenomena, the followings are recommended in numerical part and experimental part: 
1. Two-dimensional approach such as finite volume method (FVM) or finite 
element method (FEM) will be very useful to understand the thermo-physical 
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process of the evaporation process. Recently highlighted molecular dynamic 
(MD) simulations also could give a good approach to checking the validity of 
the traditional continuum assumptions. 
2. In order to better understand the deprime mechanism of evaporation section 
resulting from thermocapillary effect at specific superheat condition, the vapor 
recoil stress influencing the movement of the liquid-vapor interface should be 
considered in mathematical model.  
3. The vapor pressure variation should be considered to figure out the evaporation 
mechanism under more realistic condition, although the variation is so small 
relative to the change in liquid pressure. 
4. In ratiometric LIF experiment, the intensity of fluorescence is very sensitive to 
the environment since convective heat transfer occurs at the interface of the 
specimen and air in laboratory. In order to avoid the uncertainty resulting from 
the interaction with environment, therefore, a chamber is required to ensure that. 
5. In experiment CCD noise was observed, which was shown like a little brighter 
band movement on the computer monitor. This CCD noise makes unusual 
intensity variation on the captured image. Usually this noise came from the 
thermal problem in CCD. Cooled CCD would provide the solution to prevent 
such noise. The noise could be caused by the frame grabber. Therefore, it is 
strongly required to make sure the noise free image obtained since the LIF 
technique is extremely sensitive to external noise which is hard to be removed 
in spite of using the ratiometric technique. 
 152
6. Laser intensity changes for the time spend after laser turns on. As time flow, the 
intensity decreases by a little continuously. In order to ensure the captured 
image was obtained at constant laser intensity for Rh-B and Rh-110, constant 
time should be kept at capturing two images. 
7. Temperature measurement in unsteady temperature field with microscale spatial 
resolution is strongly recommended. In order to do that, two CCD system and 
beam splitter are required. 
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